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Abstract 
The glutathione transferases are a family of multifunctional enzymes 
involved in detoxification of xenobiotic and endogenous electrophilic compounds. 
Interest in insect GSTs has primarily focused on their role in insecticide resistance. 
The sheep blowfly, Lucilia cuprina is a major economic problem for the sheep meat 
and wool industries in Australasia and hence this thesis has attempted the study of 
the Lucilia cuprina GST family, using proteomics, with a view to eventually 
determining their role in insecticide resistance.  
Combinations of different affinity matrices (glutathione-Sepharose matrix a 
followed by dinitrophenyl-glutathione-Sepharose matrix (DNP-GSH)) and two-
dimensional electrophoresis has successfully isolated members from major four 
insect GST classes: Sigma, Delta, Epsilon and Omega. Drosophila melanogaster has 
been used as a model insect throughout as a basis for comparison. To characterise 
Lucilia GSTs, the whole metazoan fragmentation database was used for sequence 
alignment with Lucilia peptides. This approach is broad and speculative but predicts 
a possible classification of the GSTs based on % similarity and % identity. This 
method of characterisation yielded match scores that provided a basis for 
classification, which must at present be regarded as tentative and in need of 
confirmation.  
     In D. melanogaster and L. cuprina, GSH affinity-purified extracts showed 
the presence of only Sigma and Delta GSTs. In D. melanogaster, the DNP-GSH 
affinity-purified GSTs showed mostly the presence of Epsilon and Omega GSTs 
whereas in L. cuprina no Omega GSTs were detected. In both species, the migration 
pattern of Delta GST on 2D PAGE gel indicated possible post-translational 
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modification. The results from analysis of LC-MS/MS data by the software PEAKS 
suggested deamidation at asparagine and glutamine residues in a limited number of 
the matched peptides of Delta GST.  
 GST activity was present in all developmental stages of L. cuprina. The 
number of isoenzymes and their extent of expression vary as the insect develops. 
Delta GSTs were present in all developmental stages. The Sigma GST started 
expressing from the larval stage and was abundantly present in adult stage. The 
DNP-GSH affinity matrix purified GSTs which have been tentatively classified as 
Mu-like GSTs were present in egg, larvae and pupae but totally absent in adult stage.  
The GST families were characterised by proteomics in the main body 
sections of L. cuprina. Higher GST activity towards 1-chloro-2, 4-dinitrobenzene 
(CDNB) was found in the thorax (65.2 %) followed by the abdomen (19.6%) and the 
head (15.2%). 
The cytosolic GSTs of a resistant strain (PY81) of L. cuprina had 
significantly higher (2.26- and 2.6- fold) activity than the susceptible strains (NSW 
and CSIRO) towards CDNB and 2, 3-dichloro, 4-nitrobenzene (DCNB) respectively. 
The proteomic analysis of DNP-GSH purified extract from susceptible and resistant 
strains showed quantitatively higher expression of GSTs on 2D PAGE gel of the 
PY81 strain. The in vitro interaction of purified GSTs and model insecticides studied 
by high performance liquid chromatography revealed that Delta and DNP-GSH 
affinity-purified GSTs catalyse the conjugation of the insecticides to reduced 
glutathione but Sigma GST had almost no activity.  
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1 General Introduction 
Glutathione, a tri-peptide (gamma-L-glutamyl-L-cysteinyl-glycine, Figure 
1-1), was first reported in 1888 as a ―Philothion‖ by a French scientist de Rey 
Pailhade, who found evidence that yeast cells produce hydrogen sulphide when 
crushed with elemental sulphur (de Rey-Pailhade, 1888). In 1929, Hopkins isolated 
philothion from the yeast extract and renamed it as ―glutathione‖ (Hopkins, 1929). 
Glutathione (GSH) is found in the intracellular space of plants, animals and 
microorganisms and is believed to have two major general functions: to remove toxic 
metabolites from the cell and to maintain cellular sulfhydryl groups in their reduced 
form (Liebman and Greenberg, 1988). The high number of hydrophilic functional 
groups in glutathione combined with its low molecular weight leads to high water 
solubility  (Kosower, 1976).  
 
Figure 1-1: Chemical structure of glutathione (Merck Index, 7
th
 edition). 
 
There are a number of glutathione-dependent enzymes which play important 
roles in cellular protection against endogenous and xenobiotic toxic compounds. 
Among these, glutathione reductase catalyzes the reduction of oxidised GSH (GSSG) 
using NADPH and hence maintains the high cellular reductive potential (Krohne-
Ehrich et al., 1977). Selenium-dependent glutathione peroxidases are other GSH-
linked enzymes that catalyze the reduction of peroxides using GSH as the reducing 
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agent (Arthur, 2000; Margis et al., 2008). Another important GSH-dependent system 
comprises glyoxalase I and II which are responsible for catalysing the conversion of 
methylglyoxal (a by-product in glycolysis) to lactic acid (Allen et al., 1993a; Allen et 
al., 1993b). Glyoxalase I also catalyses the isomerization of the hemithioacetal, 
formed spontaneously from alpha-oxoaldehyde and GSH, to S-2-
hydroxyacylglutathione derivatives [RCOCH(OH)-SG-->RCH(OH)CO-SG], and in 
so-doing decreases the steady-state concentrations of physiological alpha-
oxoaldehydes and associated glycation reactions (Thornalley, 2003). The active site 
residue Tyr-175 in human glyoxalase II contributes to the binding of glutathione 
derivatives (Ridderstrom et al., 2000). Finally, glutathione transferases (GSTs) are 
also GSH-dependent enzymes with a number of functions amongst which catalysis of 
the GSH conjugation to various electrophilic compounds is one of the most 
investigated. 
 
Figure 1-2: Glutathione conjugation to a generic electrophilic xenobiotic (RX) by GST. 
GSTs were first discovered as enzymes in 1961 (Booth et al., 1961). Today, 
as a result of many years of research the picture of what exactly the proteins of this 
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superfamily do is more complex than ever. GSTs are mostly known as the cellular 
catalysts of conjugation of the nucleophilic sulfhydryl group of glutathione to 
various electrophilic toxic compounds as depicted in Figure 1-2. However, today the 
catalytic function of GSTs is known not to be restricted to detoxication. Some GST 
isoenzymes have a metabolic role in catalyzing synthesis of steroids and 
prostaglandins (Beuckmann et al., 2000b; Hayes et al., 2005; Johansson and 
Mannervik, 2001; Pettersson and Mannervik, 2000; Pettersson and Mannervik, 
2001). Lately, another function, namely the regulatory role of GSTs in the situations 
of stress-induced signaling, drug resistance, and transport has been reported (Adler et 
al., 1999; Awasthi et al., 2008; Chekhun et al., 2009; Jang et al., 2001; Johansson et 
al., 2007) which has added a new dimension to the importance of this large family of 
proteins. The detailed functions of GSTs are described later in this chapter. 
1.1 Distribution and classification of GSTs 
GSTs are widely distributed in nature, being found in bacteria (Laroche and 
Leisinger, 1990; Orser et al., 1993), yeast (Tamaki et al., 1990; Tamaki et al., 1991), 
fungi (Sheehan and Casey, 1993), molluscs (Tomarev and Zinovieva, 1988; Tomarev 
et al., 1993), crustaceans (Stenersen et al., 1987), insects (Clark, 1989; Toung et al., 
1990), plants (Grove et al., 1988), fish (Dominey et al., 1991), birds (Liu and Tam, 
1991) and mammals (Mannervik et al., 1985; Meyer and Thomas, 1995). They are 
widely found in most aerobic eukaryotes and prokaryotes (Sheehan et al., 2001).  
Enzymes of the GST family include membrane-bound, cytosolic and 
mitochondrial proteins. The human membrane-bound proteins include microsomal 
GSTs and leukotriene C4 synthase, members of the superfamily MAPEG (membrane 
associated proteins in eicosanoid and glutathione metabolism) (Jakobsson et al., 
1996; Morgenstern et al., 1982). Microsomal GST is involved in the detoxification of 
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xenobiotic compounds while leukotriene C4 synthase conjugates leukotriene A4 with 
GSH. Neither of these GSTs share sequence homology with the cytosolic GST 
enzymes (Dejong et al., 1988; Lam et al., 1994). The human cytosolic or soluble 
GSTs are not only in the cytoplasm but may also be localized in the mitochondria 
and peroxisomes or the nucleus (Johansson and Mannervik, 2001; Morel et al., 2004; 
Pearson, 2005; Pemble et al., 1996). The mammalian cytosolic GSTs are so far 
divided into eight classes based on their amino acid sequences similarities. These are 
Alpha, Kappa, Mu, Omega, Pi, Sigma, Theta and Zeta (Board, 1998; Board et al., 
2000; Mannervik et al., 1985; Meyer et al., 1991; Meyer and Thomas, 1995; Pemble 
et al., 1996).  
In insects, very little is known about the microsomal GSTs. A single 
microsomal GST gene is present in the genome of fruitfly Drosophila melanogaster 
(D. melanogaster) whereas the mosquito Anopheles gambiae has three microsomal 
GST genes (Ranson et al., 2002; Toba and Aigaki, 2000). Although they are very 
different in size, structure and origin, they have conjugation activities similar to those 
of the cytosolic GSTs (Pearson, 2005) and this does not exclude them having a role 
in detoxification (Frova, 2006; Hayes et al., 2005; Oakley, 2005). However, so far 
only the cytosolic GSTs have been known to be implicated in insecticide resistance 
(Enayati et al., 2005; Hemingway et al., 2004; Ranson and Hemingway, 2005). 
Insect cytosolic GSTs were initially assigned to a particular class based on 
their amino acid sequence homology and immunological properties (Beall et al., 
1992; Fournier et al., 1992; Toung et al., 1990). The current criteria for inclusion of 
a GST in a class include to have an identity of over 40% of the amino acid sequence 
and other properties such as immunological character, tertiary structure, their ability 
to form heterodimers and chromosomal location (Ding et al., 2003; Hemingway et 
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al., 2004; Ranson and Hemingway, 2005). At least eight classes of cytosolic GSTs  
have been identified in dipteran and other insect species, designated Delta, Epsilon, 
Omega, Sigma, Theta and Zeta (Chelvanayagam et al., 2001; Ding et al., 2003; 
Ranson and Hemingway, 2005; Tu and Akgul, 2005) and Xi and Iota (Lumjuan et 
al., 2007) with the possibility of the existence of novel GST classes.  
Insect Delta-class GSTs have been characterized in Musca domestica, 
Drosophila melanogaster, Anopheles gambiae, Anopheles dirus and Lucilia cuprina 
(Prapanthadara et al., 1998; Ranson et al., 1997; Snyder and Maddison, 1997; Wilce 
et al., 1995). Insect Sigma-class GSTs have been found in Manduca sexta, Blattella 
germanica, Drosophila melanogaster and Apis mellifera macedonica (Arruda et al., 
1997; Beall et al., 1992; Papadopoulos et al., 2004b; Snyder et al., 1995). In 
addition, an insect Epsilon-class GST has been identified from Drosophila 
melanogaster (Sawicki et al., 2003) and eight members of Epsilon class GSTs have 
been identified in A. gambiae (Ranson et al., 2002). The Omega GSTs, in most of the 
species including A. gambiae, seem to be encoded by a single gene, however five 
putative Omega GSTs have been identified in D. melanogaster (Ding et al., 2003). 
Omega GST has also been identified in the Silk Moth, Bombyx mori (Yamamoto et 
al., 2009a).  The Theta GSTs are found in a diverse range of organisms and were 
originally postulated to be the progenitor of all GST classes. However, as more GSTs 
were identified, it became apparent that many GSTs, including the insect Delta class, 
were inappropriately assigned to this class, and these GSTs were subsequently 
renamed. Two Theta GST genes have been identified in A. gambiae (Ding et al., 
2003) and five putative Theta GSTs have been identified in A. aegypti (Lumjuan et 
al., 2007). The Zeta GST has been identified in Silk Moth, Bombyx mori (Yamamoto 
et al., 2009b) and a single Zeta GST gene is found in A. gambiae (Ding et al., 2003). 
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The Xi and Iota GSTs have so far been found uniquely in mosquitoes - A. aegypti 
and clear orthologs of these GSTs were found in A. gambiae (Lumjuan et al., 2007). 
The evolutionary relationship between the insect GSTs has been shown in  
Figure 1-3 in the form of neighbour joining tree constructed using the 
ClustalW2 alignment programme (Larkin et al., 2007; Thompson et al., 1994). This 
thesis deals in particular with cytosolic GSTs from L. cuprina. 
 
 
 
Figure 1-3: Phylogenetic tree of insect GST classes. 
Phylogenetic tree of different GST classes demonstrating the relationships of the various 
insect GSTs to one another. Amino acid sequences were aligned using ClustalW2 
(www.ebi.ac.uk/clustalW2 ) and a neighbour-joining tree was generated using BLOSUM62 
in Jalview. The accession numbers of proteins are as per UniProtKB 
(http://www.uniprot.org/uniprot/). Ag = Anopheles gambiae, Ad = Anopheles dirus, Ae = 
Aedes aegypti, Dm = Drosophila melanogaster, Bm = Bombyx mori, Md = Musca 
domestica, Bg = Blattella germanica, Lc = Lucilia cuprina, Nl = Nilaparvata lugens 
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1.2 Structure of GSTs 
Microsomal GSTs are trimeric membrane-bound proteins and each subunit is 
composed of approximately 150 amino acids that assemble into four transmembrane 
alpha helices (Schmidt-Krey et al., 2000). The cytosolic GSTs are subject to 
significant genetic polymorphisms and are heterodimeric or homodimeric proteins 
(Boyer, 1989). Each subunit is composed of between 200 and 250 amino acid 
residues with typical molecular masses ranging from 20-28 kDa (Armstrong, 1991). 
Structural studies have revealed that the different GST classes share a common three-
dimensional polypeptide fold (Wilce and Parker, 1994). Each subunit adopts a 
canonical GST fold of seven or eight alpha helices and four beta sheets to produce 
two distinct domains, the C-terminal and N-terminal domains respectively. The N-
terminal domain (residues 1-80) is highly conserved between the different GSTs. The 
C-terminal domain exhibits much more structural variation than the N-terminal 
domain.  
GST subunits have two distinct binding sites: the G site that binds glutathione 
and the substrate binding or H site. The G site is mainly composed of amino acids in 
the N-terminal domain, including the active site residue that interacts with and 
activates the sulfhydryl group of glutathione to generate the catalytically active 
thiolate anion (Armstrong, 1991). The high level of diversity in the H site (a 
hydrophobic ligand binding site) confers, in part, the specificity of the GSTs for a 
broad range of electrophilic substrates (Mannervik and Danielson, 1988). The 
structures of the microsomal GST and cytosolic GSTs are shown in Figure 1-4 (A) 
and the Sigma and Delta GST monomer subunits from Drosophila melanogaster and 
Anopheles dirus respectively shown in Figure 1-4 (B). The structures of mammalian 
GSTs with their unique features are shown in Figure 1-5. 
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Figure 1-4:  The 3-D structures of GSTs obtained from the RCSB Protein Data Bank. 
A) The typical trimeric microsomal GST and dimeric cytosolic GST structures. B) The 
monomer structure of cytosolic D. melanogaster Sigma and A. dirus Delta GST. The pdb id 
for each structure is shown in brackets and these are screen shots of RasMol images. The N-
terminal domain beta sheets of GSTs are shown in yellow and the alpha helices are in pink. 
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Figure 1-5: The 3-D structures of GSTs obtained from the RCSB Protein Data Bank. 
A) Mu-loop, the unique feature of Mu class GST. B) α-9 helix, the unique feature of Alpha class GST. C) N-terminal domain extension, the unique feature of 
Omega GST. The pdb id for each structure is shown in brackets and these are screen shots of RasMol images. The N-terminal domain beta sheets of GSTs are 
shown in yellow and the alpha helices are in pink. The ligand (GSH) attached is shown as ball-and-stick structures. 
 1.3 Mechanism of action of GSTs 
The glutathione S-transferases catalyze the conjugation of glutathione to a 
wide variety of electrophilic substrates and as a result produce water soluble 
compounds thus aiding in excretion (Boyland and Chasseaud, 1969). 
Characteristically, most species express multiple forms of GST having overlapping 
substrate specificities. As previously mentioned, GSTs catalyze the nucleophilic 
attack by the thiol group of reduced glutathione (GSH) on a wide range of lipophilic 
and electrophilic compounds, the basic theory for all the various catalytic activities 
of GST involves the ability of the enzyme to lower the pKa of the sulfhydryl group 
of reduced glutathione from 9.0 in aqueous solution to about 6.5 when bound in the 
active site (Armstrong, 1994). The glutathione exists as the thiolate (GS
-
) anion at 
neutral pH when complexed with GST (Graminski et al., 1989). It is proposed that 
once the GS
-
 is formed in the active site of the GST, it becomes capable of reacting 
spontaneously, by nucleophilic attack, with electrophilic xenobiotics that are situated 
in close proximity (Jakoby, 1978a). Thus catalysis by GST depends upon the 
combined ability of the enzyme to promote the formation of GS
-
 and to bind 
hydrophobic electrophilic compounds at a closely adjacent site. The glutathione 
binding site (G-site) exhibits a high specificity (Adang et al., 1989) whereas, by 
contrast, the second substrate binding site (H-site) displays a broad specificity 
towards hydrophobic compounds. The G-site residues tend to be highly conserved 
within GST classes but differ between classes. In most of the mammalian GSTs, the 
active site residue responsible for the GSH thiol residue activation in catalysis 
appears to be a tyrosine (Sheehan et al., 2001) but in Delta and Epsilon insect GST 
classes (Ranson and Hemingway, 2005; Udomsinprasert et al., 2005) and in 
mammalian Theta and possibly the Zeta classes, this role is carried out by a serine 
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residue (Sheehan et al., 2001). In the Omega and Beta classes a mixed disulphide is 
formed with a cysteine residue (Sheehan et al., 2001). Although each subunit has a 
kinetically independent active site, their quaternary structure is essential for their 
activity (Danielson and Mannervik, 1985). 
1.4 Functions of GSTs 
The primary function of many GSTs is to catalyze the detoxification of both 
endogenous and exogenous compounds directly or indirectly by reacting with the 
oxidised metabolites produced by the cytochrome P450 family. 
1.4.1 Glutathione conjugation and detoxification 
All GSTs possess the ability to conjugate GSH with compounds containing 
an electrophilic centre. The most common group of reactions involves attack on 
electrophilic carbon sites (Boyland and Chasseaud, 1969; Chasseaud, 1973; Jakoby, 
1978b) which may be provided by saturated carbon atoms or unsaturated carbon 
atoms including aromatic carbon. In addition, electrophilic sulphur is the site in 
disulphide exchanges (Keen and Jakoby, 1978) (equation 1). Other sites of reactivity 
for GSTs include nitrogen (Prohaska et al., 1977) and electrophilic oxygen 
(Prohaska, 1980) (equations 2 and 3 respectively). 
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The most commonly used substrate to study GSTs is 1-chloro-2, 4-
dinitrobenzene (CDNB). CDNB conjugates with GSH and gives S-(2,4-
dinitrophenyl)glutathione, which  possesses an absorbance spectrum sufficiently 
different from that of CDNB to allow a simple spectrophotometric assay at 340 nm 
(Clark et al., 1973; Habig and Jakoby, 1981). For some years, the efficiency of 
cytosolic GSTs in using certain substrates and their sensitivity to some inhibitors 
were parameters for determining the class of GSTs. Although ranges of activities 
which correlated with GST class were proposed for substrates and inhibitors, it has 
been demonstrated that GSTs have a broad and overlapping substrate specificity. 
This makes it difficult to assign a class based on substrate specificity but this 
knowledge remains useful as a way of understanding their properties. For this reason, 
with mammalian GSTs, compounds such as Bromosulphothalein (BSP, Mu class), 
1,2-dichloro-4-nitrobenzene (DCNB, Mu class), trans-4-phenyl-3-buten-2-one (PBO, 
Mu class), ethacrynic acid (EA, Pi class), 1,2-epoxy-3-(p-nitrophenoxy)propane 
(EPNP, Theta class), dehydro ascorbic acid (DHA, Omega class) and cumene 
hydroperoxides (CuH2O2, Alpha class) are still used as class markers (Chemale et al., 
2006; Hayes et al., 2005; Ketterer, 1986; Kim et al., 2006; Mannervik, 1985). Some 
of the substrates used for the study of GSTs are shown in Figure 1-6 and Figure 1-7.  
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Figure 1-6: Model substrates used in the study of GST (Hayes and Pulford, 1995). 
(1) 1-chloro-2,4-dinitrobenzene; (2) Bromosulfophthalein; (3) 1,2-dichloro-4-
nitrobenzene; (4) Ethacrynic acid; (5) 1,2-epoxy-3-(p-nitrophenoxy)propane; (6) 1-
menaphthyl sulphate; (7) 4-nitrobenzyl chloride 
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Figure 1-7: Model substrates used in the study of GSTs (Ayyadevara et al., 2007; Hayes and 
Pulford, 1995; Kim et al., 2006; Singh et al., 2001; Yang et al., 2003). 
 (8) 4-nitrophenyl acetate; (9) (4-nitrophenyl)ethylbromide (10) trans-4-phenyl-3-buten-2-
one; (11) styrene-7,8-oxide; (12) cumene hydroperoxide; (13) 4-hydroxynonenal; (14) trans-
2-nonenal; (15) dehydroascorbic acid. 
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GSTs also detoxify herbicides and pesticides such as alachlor, atrazine, DDT, 
lindane, diazinon, methyl parathion, tetrachlorvinphos and chlorpyrifos (Figure 1-8). 
The role of GSTs in insecticide resistance will be discussed later in this chapter. 
 
 
 
Figure 1-8: Detoxification of Herbicides and Insecticides (Hayes and Pulford, 1995; 
Oppenoorth et al., 1979; Wilson and Clark, 1996). 
(1) alachlor; (2) atrazine; (3) DDT; (4) lindane; (5) methyl parathion 
 
Most of the GST substrates are either xenobiotics or products of oxidative 
stress. However, GSTs can also metabolise a small number of endogenous 
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compounds, such as leukotriene A4 (Anuradha et al., 2000; Nicholson et al., 1993), 
prostaglandin H2 (Beuckmann et al., 2000a; Chang et al., 1987) and prostaglandin 
D2 (Urade et al., 1987) as part of their normal biosynthetic pathways and these are 
hence not considered as detoxification reactions. The role of GSTs in steroid 
isomerisation and tyrosine metabolism will be discussed in section 1.4.3. 
The formation of a thioether bond between electrophiles and GSH almost 
always yields a conjugate that is less reactive than the parental compound 
(Chasseaud, 1979) and therefore the actions of GST generally result in 
detoxification. Once formed, the conjugates can be transported from the cell by ATP-
dependent glutathione S-conjugate efflux pumps. Several glutathione S-conjugate 
pumps have been described in mammalian (Homolya et al., 2003; Ishikawa, 1992; 
Leier et al., 1994; Srivastava et al., 2002; Zimniak et al., 1992) and plant cells 
(Martinoia et al., 1993). Ishikawa has characterized an ATP-dependent glutathione  
S-conjugate pump, now called the multidrug resistance-associated protein (MRP), 
from rat heart and demonstrated it can transport oxidized glutathione (GSSG), 
leukotriene C4 (LTC4),and S-(2,4-dinitrophenyl)glutathione (Ishikawa, 1989; 
Ishikawa, 1992; Jedlitschky et al., 1994; Leier et al., 1994). The most common of the 
efflux transporter families are the ABC (ATP-binding cassette) transporters which 
include Pgp, MRPs and ABCG2 (also known as mitoxantrone-resistant protein) 
(Chan et al., 2004; Meijerman et al., 2008). Beyond the considerable functional 
redundancy between these transporters, the substrate selectivity of the pumps differs 
markedly. In particular MRPs are involved in the transport of GSH, glucuronate or 
sulphate conjugates of organic anions that arise from detoxification reactions by 
phase II conjugating enzymes such as GSTs, sulfotransfearses and UDP-
glucuronosyltransferases (Morrow et al., 2006; Sau et al., 2010) 
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1.4.2 Peroxidase activity of GSTs 
Lipid peroxidation products in general have been associated with toxicity. 
Apart from catalysing the conjugation between GSH and electrophilic compounds, a 
significant number of the GST isoenzymes also possess glutathione peroxidase 
activity and catalyze the reduction of organic hydroperoxides to their corresponding 
alcohols. According to Habig et al. (1983) this type of reaction proceeds via 
nucleophilic attack by GSH on an electrophilic oxygen. 
 
It is believed to involve two steps, only one of which is catalytic, and to 
proceed via formation of the sulfenic acid of glutathione as follows: 
1. ROOH + GSH           ROH + [GSOH]    ....... enzymatic 
2. [GSOH] + GSH         GSSG +H2O     .......... spontaneous 
 
Overall the reaction is 
1. ROOH +2 GSH              ROH +GSSG + H2O  (Hayes and Pulford, 1995).   
Fatty acid, phospholipid and DNA hydroperoxides can be reduced by GSTs. 
As these compounds are generated by lipid peroxidation and oxidative damage to 
DNA, it has been proposed that GST, as well as other GSH-dependent enzymes, help 
combat oxidative stress (Boyland and Chasseaud, 1969). The microsomal GSTs 
(membrane bound) and soluble GSTs (cytosolic) differ in their ability to protect 
against reactive oxygen species (Jakoby and Habig, 1980). The microsomal GSTs 
detoxify the lipid hydroperoxides in situ, whereas detoxification of lipid 
hydroperoxides by cytosolic GSTs requires prior release of fatty acid hydroperoxides 
by phospholipase A2 (Armstrong, 1994; Graminski et al., 1989). In humans, a 
physiological function suggested for Omega GSTs is that they may play a role in 
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protection against oxidative stress by removing thiol adducts from proteins (Board et 
al., 2000). GSTs are found to be involved in the management of toxic products of 
lipid oxidation and S-glutathiolated proteins generated by oxidative stress (Awasthi 
et al., 2004; Listowsky, 2005). Recent studies showed that deficiency of Zeta GST in 
mice causes oxidative stress and activation of antioxidant response pathways 
(Blackburn et al., 2006). 
In insects, exposure to insecticides induces oxidative stress (Abdollahi et al., 
2004) and insect GSTs may contribute to anti-oxidant defence by direct glutathione 
peroxidase activity preventing and repairing the damage of secondary products 
generated by reactive oxygen species (ROS) and by direct conjugation of 4-HNE, 
one of the major end-products of lipid peroxidation (Ding et al., 2005; Sawicki et al., 
2003; Singh et al., 2001; Vontas et al., 2001). The Delta, Epsilon and Sigma classes 
of GSTs have been reported to exhibit peroxidase activity (Ding et al., 2005; 
Lumjuan et al., 2005; Ortelli et al., 2003; Singh et al., 2001; Vontas et al., 2001). 
Theta GSTs in D. melanogaster were identified and were suggested to have functions 
in oxidative stress response (Toung et al., 1993). Theta GST from the silkworm was 
reported as a defense mechanism against oxidative stress and in the metabolism of 
lipid peroxidation products (Yamamoto et al., 2005).  
1.4.3 Isomerisation by Zeta class GSTs 
The Zeta GSTs are found to be present in many different species of plants, 
insects and mammals, and their sequence motif  SSCXWRVIAL is highly conserved 
at the N-terminus in these species (Board et al., 1997). This highly conserved 
structure of this protein suggests its important role in housekeeping, and in this 
context, GSTZ1 catalyses the cis-trans isomerisation of maleylacetoacetic acid to 
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fumarylacetoacetic acid, an important step in the tyrosine degradation pathway 
(Keen and Jakoby, 1978). Small numbers of Zeta GST isoenzymes possess 
ketosteroid isomerase activity and catalyze the conversion of ∆5-3-ketosteroids to ∆4-
3-ketosteroids.   
 
Figure 1-9: Isomerization of ∆5-androstene-3,l7-dione and maleylacetoacetic acid catalysed 
by GST (Hayes and Pulford, 1995). 
 
1.4.4 GSTs and the processing of odorant signals 
In insects and other terrestrial animals, their olfactory system is directly 
exposed to xenobiotics and odorants such as volatile plant compounds and 
pheromones. Odorant molecules enter olfactory sensilla located within the insect 
antennae and interact with receptor molecules to trigger an appropriate response. The 
odorant molecules must ultimately be degraded to terminate the sensory response, 
and GSTs play an important role in this process. In the sphinx moth Manduca sexta 
an olfactory specific GST (GST-msolf1) has been identified in male and female 
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antennae and shown to modify trans-2-hexenal, an olfactory system-stimulating 
plant-derived aldehyde (sex pheromone). It has been proposed that GST-msolf1 may 
play a dual role in the antenna by contributing to the detoxification of compounds 
that might interfere with sex pheromone detection and to the signal termination of  
aldehyde sex pheromone odorants (Rogers et al., 1999). Recently mouse olfactory 
GST has been characterised during the acute phase response (Weech et al., 2003). 
1.4.5 Eye pigment synthesis 
The D. melanogaster eye colour mutant sepia (se') is defective in PDA (6-
acetyl-2-amino-3-7,8,9-tetrahydro-4H-pyrimido[4,5-b]-[1,4]diazepin-4-one or 
pyrimidodiazepine) synthase involved in the conversion of 6-PTP (2-amino-4-oxo-6-
pyruvoyl-5,6,7,8-tetrahydropteridine; also known as 6-pyruvoyltetrahydropterin) into 
PDA, a key intermediate in drosopterin biosynthesis ((Kim et al., 2006). Five genes 
predicted to encode GSTs (CG6781, CG6662, CG6673A, CG6673B, and CG6776) 
were isolated from the presumed D. melanogaster eye colour mutant sepia locus 
(region 66135 on chromosome 3L). All five cloned and expressed candidates 
exhibited relatively high thiol transferase and dehydro-ascorbate reductase activities, 
characteristic of Omega class GSTs. Despite the strong homology between the five 
Omega GSTs tested, only CG6781 catalyzed the synthesis of PDA in vitro (Kim et 
al., 2006). Thus, they reported that an Omega class GST (CG6781) of D. 
melanogaster is involved in pteridine metabolism in particular in the biosynthesis of 
red eye pigments. It is shown that the role of CG6781 is restricted to drosopterin 
biosynthesis, since it is expressed only in the head in adults, and in the late pupa. 
Despite the strong homology between the five Omega GSTs tested, only the CG6781 
protein had PDA synthase activity (Kim et al., 2006). 
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1.4.6 Ligandin function 
In addition to binding of substrates, many GSTs are able to bind a wide range 
of hydrophobic chemicals covalently and noncovalently. In mammals, the 
compounds covalently bound by GST appear mainly to be the reactive metabolites 
formed from carcinogens such as dimethylaminoazobenzene and 3-
methylcholanthrene (3-MC) (Ketterer et al., 1967). It is thought that the covalent 
binding of these compounds represents a ‗suicide‘ reaction by GST, serving to 
prevent genotoxic electrophiles from interacting with DNA (Jakoby and Keen, 
1977). However, not all compounds that are bound covalently by GSTs are 
carcinogens. 
Among the noncatalytic reversibly bound ligands of GSTs are steroids and 
thyroid hormones, bile acids, bilirubin, heme, fatty acids and penicillin (Hayes and 
Mantle, 1986a; Hayes and Mantle, 1986b; Ishigaki et al., 1989; Kirsch et al., 1975; 
Listowsky et al., 1993). Recently the non-catalytic interactions between GSTs and 
naturally occurring nitroalkenes, nitrolinoleic (NO2-LA) and nitrooleic (NO2-OA) 
fatty acids are shown to modulate nitroalkene-mediated activation of PPARγ 
(peroxisome proliferator-activated receptor γ), a pathway which regulates adipocyte 
differentiation, glucose homeostasis, and inflammatory responses (Bates et al., 
2009). Though the biological significance of this noncovalent binding-activity of 
GSTs has been the subject of much debate (Bates et al., 2009; Hayes and Pulford, 
1995), it is worth noting that because of the large amount of GSTs in most tissues, 
these proteins do provide substantial intracellular-binding capacity for lipophilic 
ligands. It was proposed that the binding of steroid hormones, bilirubin and the bile 
acid lithocholate may contribute to the transport of such lipophilic compounds across 
the liver and facilitate their elimination into bile (Agellon and Torchia, 2000; Trauner 
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and Boyer, 2003). Similarly GST in the kidney and small intestine may be involved 
in the transport of lipophilic compounds (Chan et al., 2004; Hayes and Pulford, 
1995). GSTs are also present on mucosal surfaces (Samiec et al., 2000). The 
presence of this detoxication enzyme
 
in the extracellular mucus layer provides a 
novel mechanism
 
as a ligandin for preventing direct contact of potentially toxic 
dietary electrophiles
 
with the intestinal enterocytes. GSTs also constitute a high 
capacity intracellular binding pool for hormones; they might function as a binding 
reserve in target organs, possibly serving a ―buffering‘ role to minimize the effects of 
transient fluxes in extracellular hormone levels (Johansson and Mannervik, 2001; 
Listowsky et al., 1993). The ligandin function of GSTs has been suggested as 
contributing to defence against pyrethroid insecticides in Tenebrio molitor as a 
passive way of detoxification by binding the molecules in a sequestering mechanism 
(Kostaropoulos et al., 2001a).  
1.4.7 GSTs as regulators of the MAP kinase pathway 
 
c-Jun N-terminal kinases (JNKs) are mitogen-activated protein kinases 
responsive to stress stimuli, such as cytokines, ultraviolet irradiation, heat shock, and 
osmotic shock, and are involved in T cell differentiation and apoptosis (David et al., 
2005; Laborde, 2010; Widmann et al., 1999). JNK pathway components and GSTs 
are evolutionarily conserved across mammals and insects. Different mammalian GST 
classes such as GST Pi and GST Mu have been reported to interact with different 
stress kinase proteins in the JNK pathway. For example, GST Pi is a JNK regulatory 
protein, and its association with JNK maintains a low basal level of JNK activity in 
the non-stressed cell (Adler et al., 1999). The lack of GST Pi increased constitutive 
JNK activity in vivo and, therefore, regulated the expression of genes that were 
  23 
specific downstream targets of the JNK pathway (Elsby et al., 2003). In contrast, 
GST Mu interacts with ASK1 (apoptosis signal-regulating kinase 1), an upstream 
activating kinase of JNK that participates in cell death (Cho et al., 2001).  
 
Figure 1-10: Interaction of GST Mu with ASK1 
GSTM1 binds to and inhibits MAP kinase kinase kinase ASK1. Radical oxygen species are 
produced in response to stressful stimuli and induce GST-M1 oligomerization. In turn ASK1 
is released, oligomerizes and is activated through autophosphorylation and activates 
downstream kinases such as JNK and p38 pathways to trigger cell death by apoptosis. 
(Solary et al., 2009) 
Recently the interaction of GST and kinase proteins in a Dipteran system 
using four different spliceforms of Anopheles dirus Delta class GSTs and two 
different D. melanogaster kinase proteins has been reported (Udomsinprasert et al., 
2004). This study revealed an interaction between the mosquito GSTD1-1, GSTD2-
2, GSTD3-3 and GSTD4-4 spliceforms and the JNK pathway components, JNK and 
HEP (hemipterous). They showed using the standard CDNB assay, that GSTD1-1 
was not inhibited, whereas the remaining GSTs were inhibited by their pre-
incubation with JNK proteins. GSTs from both the insects interacted with protein 
kinases and this interaction with the kinase could change the GST conformation and 
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results in different GST enzymic activity. The different GST isoforms appeared to 
possess different regulatory mechanisms in the JNK pathway and JNK interaction 
also affects GST activities (Udomsinprasert et al., 2004). 
1.4.8 GSTs in drug resistance 
As described before, GSTs catalyse the conjugation of glutathione to 
mutagens, carcinogens and chemotherapeutic agents including alkylating agents and 
anthracyclines (Hayes et al., 2005; Lo and Ali-Osman, 2007; Petros et al., 2005; 
Yang et al., 2006). It is plausible that GSTs serve two distinct roles in the 
development of drug resistance via direct detoxification as well as acting as an 
inhibitor of the MAP kinase pathway. Hence, it is not surprising that high levels of 
GSTs have been reported in a large number of tumor types (Tew, 1994). GSTs may 
also be important drug targets in disease states other than cancer. For example, many 
parasitic organisms showed the presence of GSTs homologous to mammalian GST 
isozymes and these are believed to provide targets for intervention in the human host. 
When many of the standard drugs used to treat such diseases are frequently 
ineffective, these new targeting directions provide a good opportunity. Many 
antiparasitic drugs (for example, chloroquinone, an antimalarial agent) form free 
radicals that may be inactivated by parasitic GST-mediated conjugation to GSH 
(Davioud-Charvet et al., 2001). Alpha, Mu, Pi and Theta class of GSTs are known to 
be involved in tumor drug resistance (Lo and Ali-Osman, 2007). 
1.4.9 GSTs in sperm viability 
The immunoreactive and enzymatically active Mu and Pi class of GSTs have 
been shown to be present on goat sperm surface where they serve as oocyte binding 
proteins (Gopalakrishnan et al., 1998; Gopalakrishnan and Shaha, 1998). A study on 
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male rats demonstrated the presence of these two GST isoforms on sperm serving as 
detoxification enzymes (Hemachand et al., 2002). The germ cells are more 
susceptible to oxidative stress due to their intimate association with the free radical 
generating phagocytic sertoli cells (Bauche et al., 1994) and they contain higher 
amounts of polyunsaturated fatty acids (Beckman and Coniglio, 1979) that are 
vulnerable to oxidation by free radicals.  Thus GSTs give protection against products 
of oxidative stress-induced apoptosis (Gopalakrishnan et al., 1998; Hemachand et 
al., 2002; Rao and Shaha, 2000). 
1.4.10  GSTs involved in haematin binding and in wound healing 
Lumjuan et al. (2007) identified two isoforms of GSTs (GSTX2-2) in Aedes 
aegypti which showed an affinity for haematin which may indicate a role for these 
enzymes in protecting haematophagous insects against heme toxicity during blood 
feeding. 
There are reports available indicating that the GSTs in vertebrates are released 
from platelets (Kura et al., 1996). Li et al. found the involvement of GSTs in 
haemolymph clotting in Galleria mellonella while studying the interaction between 
the coagulation system and the prophenoloxidase activating cascade (Li et al., 2002). 
 
 
1.5 Regulation of GST expression  
In non-insect species, many GSTs are regulated in response to various 
inducers or environmental signals or in tissue- or developmental-specific manner 
(Desmots et al., 2002; Tee et al., 1992; Werle-Schneider et al., 2006). A similar 
complex expression pattern is also expected for insect GSTs. In insects, the effect of 
various dietary compounds, insecticides and laboratory inducers on general GST 
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expression has been reviewed (Clark, 1989; Yu, 1996). Variation in the level of GST 
activity throughout the life stage of insects and in different insect tissues has been 
reported (Alias, 2006; Clayton et al., 1998; Ding et al., 2003; Hazelton and Lang, 
1983). In cases where the variation in activity is attributed to individual enzymes, 
such studies can provide valuable insights into the functions of different GSTs.  
1.6 Insecticide resistance and role of GSTs 
Resistance to different group of insecticides such as organochlorine, 
organophosphate (OP) and carbamates can be explained in terms of several 
biochemical mechanisms. These include target-site resistance, penetration, efflux and 
detoxification-based resistance (Hemingway et al., 2002). In the former the target 
has reduced affinity for the insecticides and the latter occurs when enhanced levels or 
modified activities of esterases, oxidases, or GSTs occur. Over-production of 
carboxylesterase in response to organophosphorus and carbamate insecticides 
selection pressure has been documented in numerous arthropod species (Hemingway 
and Karunaratne, 1998; Khajehali et al., 2010; Rodriguez et al., 2010). In OP 
susceptible insects, the active oxon analogues of the insecticides act as esterase 
inhibitors whereas in resistant insect, esterases are more reactive with xenobiotics 
and sequester the oxon analogues and protect the acetyl cholinesterase target site 
(Karunaratne et al., 1995). The elevated levels of cytochrome P450-dependent 
monooxygenases are also reported in many resistant insects and their action 
generally results in the detoxification of insecticides, although the activation of OP 
insecticides from the phosphorothionate to the more toxic oxon form is a notable 
exception (Hemingway et al., 2004; Kasai and Scott, 2000; Komagata et al., 2010; 
Vulule et al., 1999). The other important metabolic enzymes are GSTs. The role of 
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GSTs in the detoxification of organophosphates has been well known for many years 
(Motoyama and Dauterman, 1980). The detoxification of organophosphates occurs 
by the conjugation of GSH to OP insecticides via two distinct pathways: an O-
dealkylation and O-dearylation conjugation (Figure 1-11). 
             
Figure 1-11: GST-mediated detoxification of organophosphate insecticides (Che-Mendoza et 
al., 2009) 
A) O-dealkylation and B) O-dearylation conjugation; R1 and R2 represent the alkyl (either 
methyl or ethyl portion); and R3 is an aryl or alkyl group. 
The GSTs often act as a secondary resistance mechanism in conjunction with 
esterase- and cytochrome P450- mediated resistance mechanisms (Hemingway et al., 
1991a). The relative importance of these enzyme systems varies with species and 
strain of insect and insecticides. Recently, the comparative study on a susceptible 
laboratory strain and OP resistant field strain of locusts revealed an interesting 
finding on the involvement of these major detoxification enzymes in resistance. The 
field strain was significantly resistant to malathion (57.5-fold), but marginally 
resistant to chlorpyrifos (5.4-fold). The esterases and GST activities in resistant strain 
were 2.1- to 3.2-fold and 1.2- to 2.0-fold respectively higher than those in susceptible 
strain. However, there was no significant difference found between cytochrome P450 
activities between the strains. Acetyl cholinesterase from the field strain showed 4.0-
fold higher activity in response to malathion but less activity to chlorpyrifos and 
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phoxim (Yang et al., 2009). Another study on codling moth, Cydia pomonella, also 
evaluated the susceptibility to chlorpyrifos-ethyl and azinphos-methyl and the 
activity of esterases, mixed function oxidases and GSTs in larvae and adult. The 
activity of all these enzymes was higher in larvae of field strains. In adults, mixed 
function oxidases and GSTs were implicated (Rodriguez et al., 2010).  
Although insecticide resistance may involve many different mechanisms as 
discussed above, in the present work the emphasis is on the role of GSTs. Besides 
organophosphates, GSTs  are also involved in resistance against organochlorines 
such as DDT (Clark and Shamaan, 1984; Lumjuan et al., 2005; Prapanthadara et al., 
2002; Ranson et al., 1997; Sternberg and Kearns, 1952), Lindane (Kristensen, 2005) 
and the cyclodienes (Rufingier et al., 1999; Sharif et al., 2007). The GSTs catalyse 
two detoxification reactions of halogenated hydrocarbons: dehydrochlorination and 
GSH conjugation (Tang and Tu, 1994). The catalytic reaction of GSTs with DDT 
and lindane is shown in Figure 1-8 (3, 4). Their involvement in developing resistance 
to pyrethroid insecticides by both indirect (Vontas et al., 2001) and direct (Mouatcho 
et al., 2009; Yamamoto et al., 2009a; Yamamoto et al., 2009b) mechanisms has been 
demonstrated. They may be involved in the resistance to insect growth regulators 
such as chlorfluazuron and diflubenzuron (Sonoda and Tsumuki, 2005) and to 
carbamate insecticides in both Anopheles and Aedes mosquitoes (Lumjuan et al., 
2005; Mouatcho et al., 2009).  
Among the insect GST classes, Delta and Epsilon are the largest classes 
based on the number of isoforms, comprising over 65% of the total complement of 
cytosolic GSTs in Drosophila melanogaster and Aedes aegypti (Ranson et al., 2002). 
It is interesting to note that elevated levels of Delta class GSTs have been implicated 
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in resistance to all the major classes of insecticides (Tang and Tu, 1994; Vontas et 
al., 2002; Wang et al., 1991). Members of the Epsilon class have also been 
implicated in the detoxification of insecticides (Huang et al., 1998; Ortelli et al., 
2003; Wei et al., 2001). In addition, some mosquitos Epsilon GSTs have peroxidase 
activity and may be important in protection against secondary effects of oxidative 
stress (Lumjuan et al., 2005; Ortelli et al., 2003). A structural role has been 
suggested for the insect Sigma GSTs; as in Drosophila melanogaster and Musca 
domestica, these proteins are found predominantly in the indirect muscles in close 
association with troponin-H. In both these species, a single Sigma GST exists with a 
proline/alanine-rich N-terminal extension that may aid attachment to the flight 
muscle (Clayton et al., 1998). The A. gambiae Sigma GST lacks this extension 
(Ranson and Hemingway, 2005). Insect Sigma GSTs (with or without the N-terminal 
extension) have been shown to be catalytically active (Singh et al., 2001). They have 
low levels of activity with typical GST substrates but a high affinity for the lipid 
peroxidation product, 4-hydroxynonenal (4-HNE). The high levels of Sigma GSTs 
found in the flight muscle may be necessary to protect this metabolically highly 
active tissue against by-products of oxidative stress rather than having a structural 
function. The Omega, Theta and Zeta classes have a much wider taxonomic 
distribution and appear to play essential housekeeping roles (Board et al., 2000; 
Wildenburg et al., 1998). However, recent reports suggest that any GST isoform 
may be recruited to a detoxification function. Thus a Zeta GST appears to be 
responsible for the dechlorination of and resistance to permethrin in the Silk Moth, 
Bombyx mori (Yamamoto et al., 2009b), Omega GST appears to be associated with 
resistance to the organophosphate fenitrothion in a different strain of the same 
organism (Yamamoto et al., 2009a) and a Xi isoform is associated with DDT 
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resistance in a South American strain of Aedes aegypti (Grant and Hammock, 1992; 
Lumjuan et al., 2007). Moreover, members of a particular family are likely to have 
broad and overlapping substrate specificities so that collectively they offer an 
extraordinary wide protection against toxic agents.  
1.7 Lucilia cuprina - an economically significant fly 
The sheep blowfly L. cuprina is a pest of economic significance to the meat 
and wool industries in Australasia. It has evolved to become a parasite which inflicts 
significant trauma via cutaneous myiasis. The condition is also known as blowfly 
strike. Sheep are not struck randomly. Urine or rain wetted fleece allows bacteria, 
principally Pseudomonas aeruginosa, to proliferate in an infection known as fleece 
rot (Burrell et al., 1982). This condition is highly attractive to L. cuprina seeking 
oviposition sites. Pheromones released during ovipositing attract other flies to lay 
eggs in the affected area and cause further waves of strike. L. cuprina causes over 
90% of fly strikes and is the only species which breeds preferentially on living sheep.  
This fly strike not only causes severe discomfort or stress to sheep but also will cause 
death if left untreated (Plant, 2006). The long-term use of organophosphorus (OP) 
insecticides to control fly strike has resulted in the development of resistance to this 
class of insecticides (Arnold and Whitten, 1976; Hughes and Raftos, 1985). In 
Australia L. cuprina is known to have developed resistance to all the major classes of 
insecticides (Hughes, 1981). Ever since the introduction of L. cuprina in New 
Zealand apparently in the late 1970s (Heath et al., 1991), resistance to insecticides 
has become an increasing problem in the control of fly strike. Overall blowflies have 
become of major animal welfare concern and an important cause of illness and death 
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in affected animals. Since GSTs have been implicated in the expression of insecticide 
resistance in these insects, it is of interest to study the GSTs of L. cuprina.  
1.8 Present investigation 
Different classes of GST exhibit overlapping specificity towards different 
insecticides as described previously. Clearly this complexity represents a major 
obstacle for one attempting to overcome GST-based resistance in insect (or any other 
invertebrate) pests. Conventional approaches to overcome metabolic resistance 
include identification of a single detoxication enzyme for which a specific inhibitor 
may be designed. A single GST might be over expressed in glutathione–dependent 
metabolism but, on the other hand, resistance could be the result of combined activity 
from multiple GSTs from disparate families. Historically, much of the work on GST 
involvement in resistance has depended on measurement of GST activities with 
model substrates. However, this approach alone cannot be enough to characterise the 
GSTs precisely. Our current work, described here, offers a much more direct 
approach. The laboratory has been developing methods for the affinity isolation of 
insect GSTs for many years (Clark et al., 1977). Introduction of proteomics methods 
has made this approach a powerful one for not only isolating GSTs but also 
identifying them (Alias and Clark, 2007). The quantitative and qualitative changes in 
protein expression can be analysed by using 2D electrophoresis and identification 
can be made by advanced mass spectrometry and peptide mass fingerprinting. Recent 
advances in bioinformatic
 
technology enable one to analyse and correlate proteomic 
data from studies in all cell types. This proteomic approach is aimed at 
characterising, for a given organism and under given circumstances of development 
or selection, the expression of as many different GSTs as is possible. The number 
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and class of over-expressed GSTs may, in principle, be quickly determined. This 
proteomic technique may be applied to any given organism, even without prior 
knowledge of its genome. In such cases where the genome of the insect in question 
has been established, a rapid assessment of the extent of transcription of detoxication 
genes may be made by use of microarray technology (David et al., 2005; Vontas et 
al., 2007). However, there are instances on record (Shen et al., 2003; Tang and Tu, 
1995) where production of a GST protein in insects appears to be under translational 
or post-translational rather than transcriptional control so methods measuring mRNA 
production only may lead to misleading interpretations. For example, the D. 
melanogaster Delta GST showed abnormal migration (change in pI) on 2D gel 
indicating its post-translational modification (Alias and Clark, 2007). 
The GST superfamily has diverse important roles in the normal functions of 
cells in addition to the purely toxicological roles as described previously. This 
suggests that, as opposed to being only defence mechanisms, some GSTs might 
themselves, because of their critical metabolic role, constitute sites of vulnerability to 
chemical attack and might represent new targets for chemical control. Hence the 
detailed study of GSTs is very useful to determine their role in development, 
physiology and insecticide resistance in any pest species. In the present investigation, 
affinity purification and proteomic methods have been applied to a well-studied 
species D. melanogaster and to L. cuprina for which there is currently no genetic 
database available.  
 
The overarching aim of this research is to undertake the first proteomic study of 
L. cuprina GSTs, their tentative identification and their possible importance in 
insecticide metabolism. This can be broken down to four major objectives: 
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1. Purify and identify GSTs from D. melanogaster and L. cuprina.  
 To establish effective affinity purification techniques for the isolation of 
as many GSTs as possible. 
 To compare the GST proteome of both the insects to study their 
similarity and dis-similarity in expression of GSTs. 
 To identify L. cuprina proteins using D. melanogaster as a model insect. 
 In addition to develop a consensus sequence-based approach to 
tentatively characterise L. cuprina proteins. 
 To separate GST isoforms from a partially affinity-purified mixture to 
characterise individual classes of enzyme. 
 
2. Examine the qualitative and quantitative variation of GSTs during the 
developmental stages of L. cuprina and also in the main body parts of the adult 
fly. 
 To isolate GSTs from egg, larval, pupal and adult stage using a 
combination of affinity matrices and comparison of their GST 
proteomes. 
 To study the ontogenic pattern of GST activity using model substrates. 
 To study the proteome of GSTs isolated from head, thorax and abdomen.  
 
3. Investigate the involvement of GSTs in the development of insecticide 
resistance in L. cuprina. 
 To isolate GSTs from organophosphate susceptible and resistant strains 
of L. cuprina and to compare their proteomes. 
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 To study the ability of GSTs to metabolise organophosphate insecticides 
in vitro using an HPLC method. 
 
4. Determine the nature of post-translational modification of D. melanogaster 
Delta GST. 
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2 Materials 
2.1 Insects 
 
The adult flies of D. melanogaster, mixed strain were obtained from the Victoria 
University insectary. The L. cuprina eggs, larvae, pupae and adults (OP susceptible 
strains NSW and CSIRO (Australian standard laboratory strains) and diazinon-
resistant New Zealand field strain PY81 (38x resistant, G. Lindsay, unpublished 
data) initially were supplied by Victoria University insectary and subsequently by 
Microcosmos
TM 
Ltd. These strains had originally been obtained from Wallaceville 
Agricultural Research Centre, Wellington.  Larvae were reared on a combined diet of 
processed pet-food and minced ox-liver. The standard rearing conditions for adults 
were feeding ad libitum on sugar and water; however, some flies were fed on protein 
enriched diet. All were stored at -20
ο 
C or for longer periods at -80
ο
C. 
2.2 Chemicals and disposables 
 
All reagents were of analytical grade purity or equivalent unless otherwise stated. 
 
Ajax Chemicals Ltd, Sydney-Melbourne, Australia 
Acetonitrile, HPLC grade 
Ethanol 95% 
Glacial acetic acid  
Heptane, HPLC grade  
Hydrochloric acid 36% 
Methanol, HPLC grade 
Orthophosphoric acid, 81% 
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Amersham Biosciences AB, Uppsala, Sweden 
QAE- Sephadex A-25, Sephadex G-75 
2D Quant kit 
Columns- Tricorn 
TM
 5/50, Tricorn 
TM
 5/200, HiTrap 
TM
 Desalting column (5 ml)  
 
American National Can
TM
, Menashaw, USA 
Parafilm 
 
Axygen Scientific Inc., California, USA 
Graduated Micro tubes (0.65 ml, 1.5 ml) 
Pipette tips (10 μl, 200 μl, 1000 μl) 
 
British Drug Houses Chemicals Ltd., Poole, England 
Bromophenol blue 
Collidine 
Deoxycholic acid 
Ethylenediamine tetra-acetic acid, tetrasodium salt (EDTA) 
Glycerol 
Phenyl thiourea (PTU) 
 
Bio-Rad Laboratories, Richmond, USA 
40% Acrylamide/Bis Solution 
Protein dye reagent (Bradford Assay) 
 
Fluka Chemicals Ltd., New Zealand 
Ammonium bicarbonate 
Sodium hydroxide 
Trifluoroacetic acid (TFA) 
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GE Healthcare, Auckland, New Zealand 
Electrode Wicks 
Immobiline pH Gradient buffer (IPG Buffer), 3-10 
Immobiline Dry Strip pH 4-7, PH 3-10 Linear, 7 cm 
Iodoacetamide 
Polybuffer 74 
 
Invitrogen New Zealand Ltd., Auckland 
BENCHMARK 
TM 
Protein ladder 
 
Molecular Probes, Inc. 
Pro-Q
®
 Diamond Phosphoprotein gel stain kit 
Sypro
® 
Ruby Protein gel stain kit 
 
May & Baker Ltd., Dagenham, England 
Sodium acetate 
Triethanolamine 
 
Merck Ltd., New Zealand 
Trichloroacetic acid 
Thin Layer Chromatography (TLC) plates – Aluminium sheets, Silica gel 60, F254  
 
Millipore Corporation, Bedford USA 
ZipTip
TM
 (C18) 
ZipTipMC (for phosphopeptide enrichment) 
 
PE Biosystems, Forster City, CA 
Sequazyme
TM
 peptide mass standards kit- Calibration Mixture 2 
 
Riedel-de Haën, United States 
Diazinon 
Methyl Parathion 
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Thiourea 
Urea 
Roche Diagnostic GmbH, Germany 
Phosphatase inhibitor tablets 
 
Sigma-Aldrich New Zealand Ltd., Auckland 
1, 4- nitrophenyl acetate (NPA) 
1-chloro-2, 4-dinitrobenzene (CDNB) 
3, 4-dichloronitrobenzene (DCNB) 
3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) 
Albumin, bovine serum (BSA) 
Ammonium persulfate 
Ammonium sulfate 
Bis-Tris 
Coomassie Brilliant Blue G-250 
Cysteine 
Dehydroascorbic acid (DHA) 
Disodium hydrogen phosphate 
Dithiothreitol 
Epichlorhydrin 
Glutathione 
Glycine 
N, N, N', N'-tetramethylenediamine (TEMED) 
Ninhydrin 
Phenylmethylsulfonyl fluoride (PMSF) 
Polybuffer 96 
Potassium chloride 
  39 
Protease Inhibitor Cocktail 
Sephadex 
TM
 G-75 
Sepharose 6-B 
Sodium bicarbonate 
Sodium chloride 
Sodium dihydrogen phosphate 
Sodium dodecyl sulphate 
Trans-2-nonenal (TNE) 
Trans- 4-phenyl-3-buten-2-one 
Trizma base (Tris[hydroxymethyl]aminomethane) 
Trypsin Proteomic Grade 
α-cyano-4-hydroxycinnamic acid (CHCA) 
 
Shell New Zealand Ltd., Wellington, NZ 
Ondina oil 15 
 
Vivascience AG Hannover, Germany 
Vivaspin 6 and 30 ml concentrators (MWCO: 5K) 
 
2.3 Instrumentation 
Auto vortex mixer – Chiltern 
Centrifuge - Beckmann XL 80 and SORVAL
®
 RC 5B 
Centrivap concentrator – Labconco 
Easypure UV (Distillation) – Barnstead 
Electrophoresis power supply model, 1000/500 Constant voltage – Bio-Rad  
Electrophoresis Unit, Mini-PROTEAN
®
 II – Bio-Rad  
Fast Peptide Liquid Chromatography (ÄKTA FPLC) – Amersham Bioscience 
FLA-5100 scanner – FujiFilm 
High Performance Liquid Chromatography (HPLC) – HP Agilent 1100 
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Homogeniser – Polytron Kinematica GmbH, Kriens-Luzern, Switzerland 
Hot plate Magnetic Stirrer – Contherm 
IEF power supply, EPS 35000 XL - Pharmacia Biotech 
Isoelectric Focusing (IEF) cell, Multiphore II - Pharmacia Biotech 
Laminar Air Flow workstation – AES Environmental Private Limited 
Liquid Chromatography (LC-MS/MS), Dionex UltiMate
TM
 3000 LC system- LC 
Packings, Netherlands 
Magnetic Stirrer – Chiltern 
MALDI-TOF work station, Voyager-DE
TM
 PRO Biospectrometry
TM
 work station – 
Applied Biosystems         
Peristaltic pump – GE Healthcare 
Personal Densitometer SCSI interfaceable Scanner – Molecular Dynamics SITM 
Rotavapor-R – BÜCHI B-169 Vacuum system 
Thermo Finnigan LTQ mass spectrometer- Thermo Electron Corporation, USA 
UV-Visible Spectrophotometers, Cary 300 Bio, Cary 1E- Varian,  
VERSAmax Microplate Reader, SOFTmax Pro – Molecular Devices 
Water Bath – Julabo EM 
Weighing Balance – Mettler AE240 
 
2.4 Software 
ClustalW2 alignment software (http://www.ebi.ac.uk/Tools/clustalw2/index.html) 
Data Explorer 4.0.0.0 – Applied Biosystems   
Image Reader FLA 5000 series V1.0 – FujiFilm 
ImageQuaNT V2003.02 – Molecular Dynamics 
Jalview multiple alignment editor (http://www.jalview.org/)  
Voyager Instrument Control Panel V5.10.2 – Applied Biosystems 
PEAKS V5.1 – Bioinformatics Solutions Inc. 
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3 General Methods 
3.1 Introduction to Methods: basic principles underlying 
experimental methods  
3.1.1 Chromatographic techniques 
3.1.1.1 Affinity chromatography 
Proteins exhibit their biological functions based on the specificity and strong 
adsorptive properties they have towards other substances. Affinity chromatography 
makes use of this property. The protein to be purified is specifically and reversibly 
bound onto the stationary phase. The stationary phase consists of a ligand (which 
shows specificity towards the protein) bound to a matrix (supporting phase) with the 
help of spacer arms. Once the protein-ligand binding is established, the bound target 
protein is recovered by eluting the column with salt or with a chemical having 
sufficient affinity for the protein to displace the ligand or by changing the pH of the 
solution.  
3.1.1.2 Ion exchange chromatography 
This chromatographic method separates the charged protein molecule depending 
on the anionic or cationic state of the packing material. The protein of interest is 
eluted from the column by a change in ionic strength or pH. 
3.1.1.3 Chromatofocusing 
Chromatofocusing (CF) is a column chromatographic method for separating 
proteins according to their isoelectric points (Radola et al., 1977; Sluyterman and 
Wijdenes, 1978). CF involves the elution of ion exchangers solely by the change of 
pH. Specific buffers like Polybuffer 74 and Polybuffer 96 and media substituted with 
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charged, buffering amines such as PBE 118 or PBE 94 are needed to form a linear 
pH gradient. In anionic CF, proteins are bound to an anion exchanger at high pH. As 
the pH on the column descends due to a pH gradient, protein‘s negative charge 
becomes less (less column-attractive). The opposite situation prevails in cationic CF. 
In either case, pH conditions in the column eventually reach a point where a given 
protein's net interaction with the column becomes zero, and it elutes (Gagnon, 1999). 
 
3.1.2 Proteomics 
The term ―Proteome‖ was coined by Mark Wilkins in 1994 as a part of his 
PhD thesis and he defined it as the entire complement of proteins expressed by a 
genome, cell, tissue or organism (Wilkins et al., 1996). More specifically, it is the set 
of proteins expressed at a given time under a particular set of conditions (Wasinger et 
al., 1995). The study of the proteome is called ―proteomics‖ and the goal of 
proteomics is to analyze the structure and function of biological systems. Since all 
functions involve the actions of proteins in a cell, proteomics has become a very 
important tool in understanding biological processes. Proteomics uses a combination 
of techniques to resolve (e.g., two-dimensional polyacrylamide gel electrophoresis 
(2D PAGE)), quantitate (e.g., scanning) and identify (e.g., mass spectrometry linked 
to database searching) proteins produced by an organism under defined 
circumstances (Lee, 2001; Patterson, 1995; Patterson, 2000; Pennington et al., 1997) 
There are five steps to identify proteins in gel-based proteomics: sample 
preparation, separation, digestion, mass spectrometry and informatics. The sample 
preparation involves the extraction of the proteins from cells. The second step, 
separation, has usually been carried out by 2D gel electrophoresis. In the first 
dimension the proteins are separated according to their charge by isoelectric focusing 
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and in the second dimension proteins are separated by molecular weight using SDS-
PAGE. Then the separated proteins on the gel are commonly visualized by 
Coomassie Blue staining; there are a number of staining protocols available to suit 
the need of the experiment. The digestion of proteins into peptides is usual in the 
next step since peptides are easier to identify than proteins and collectively they also 
contain more mass information than the intact proteins. In the fourth step, mass 
spectrometry is used to detect peptides and peptides fragments. Finally, the sequence 
of the protein is determined by interpreting all the data obtained by matching the 
peptide masses against those predicted for known proteins in a variety of databases 
or through sequence comparison if tandem mass spectrophotometric methods have 
been applied. 
3.1.2.1 2D electrophoresis 
The 2D electrophoresis involves the separation of proteins by two means. 
First is isoelectric focusing (IEF) in which proteins are separated according to their 
isoelectric points. An immobilised pH gradient (IPG / Immobiline
TM
 Dry strip) is 
used as the first dimension and an electric potential is applied across the gel to make 
one end more positive than the other. Proteins will be charged at every pH except 
their pI. If they are positively charged, they will migrate towards the more negative 
end of the gel and if they are negatively charged they will move to the more positive 
end of the gel. Hence proteins applied in the first dimension will move along the gel 
and will finally settle systematically at their pI with a neutral charge. The second 
dimension is SDS-PAGE, which further separates proteins based on size.  
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3.1.2.2 SDS-PAGE 
Gel electrophoresis is the technique used for the separation of DNA, RNA 
and protein molecules (Berg et al., 2002). Sodium dodecyl sulphate- polyacrylamide 
gel electrophoresis (SDS-PAGE) is used to separate proteins according to their 
electrophoretic mobility. In this technique, SDS is added to the proteins to denature 
the secondary and tertiary structure of the proteins and to apply a negative charge to 
each protein in proportion to its mass (Laemmli, 1970; Weber and Osborn, 1969). 
The protein sample is also usually heated with a reducing agent (DTT or 
mercaptoethanol, generally added into the sample buffer) before loading on to the gel 
to ensure the reduction of disulfide bonds and so facilitate unfolding of the tertiary 
structure of the protein. Smaller proteins will migrate far down the gel, while larger 
ones will remain closer to the point of origin. For the visualisation of the separated 
proteins, the gel is usually stained with Coomassie Blue though other stains may be 
used. 
3.1.2.3 Matrix Assisted Laser Desorption/Ionisation -Time Of Flight (MALDI-
TOF) analysis  
Proteomics research has led an increasing number of biological and medical 
researchers to the technique of protein identification by mass spectrometry. In 
MALDI-TOF, a co-precipitate of light-absorbing matrix and bio-molecule is 
irradiated by a short laser pulse and the generated ions are detected after traversing a 
fixed distance (Karas and Hillenkamp, 1988). The traditional low resolution and 
mass measurement accuracy of TOF analyzers has largely been overcome by 
‗delayed extraction‘ (DE), in which the ions are extracted after a predetermined time 
delay following the laser pulse (Brown and Lennon, 1995; Mann and Talbo, 1996). 
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MS experiments for protein identification are mainly based on peptide 
analysis. The mass of intact proteins can also be measured by the mass spectrometry. 
Cohen and Chait (1997) reported a methodology for the mass spectrometry of whole 
proteins eluted from SDS-PAGE gels and they successfully eluted picomole amounts 
of proteins from gels for MS analysis and performed identification. Thus knowledge 
of the accurate molecular mass of the intact protein along with information from 
digestions and peptide mapping can lead to more definitive results. This approach 
was used in the characterization of endogenous human leptin (Cohen et al., 1996). 
However, the sensitivity of the mass spectrometer for proteins is much lower than for 
peptides; moreover, the mass of whole proteins often cannot be measured accurately 
enough for identification purposes; finally, proteins are difficult to handle and most 
solubilising conditions are not compatible with MS (Salzano and Crescenzi, 2005).  
The peptides are obtained by digesting the protein with different proteases. 
The cleavage specificities of some proteases are shown in Table 3-1. Trypsin, the 
most commonly used protease, is very stable and efficient and specifically cleaves at 
the C-terminal side of lysine and arginine residues. A problem with the use of 
proteases can be that they are capable of self-digestion. Nowadays, modified trypsin 
is available commercially where selective methylation of the lysines limits the 
autolytic activity to the arginine cutting sites (Rice et al., 1977). There are a number 
of other proteases like endoprotease Lys-C (Jekel et al., 1983; Patterson, 1995), Glu-
C (Houmard and Drapeau, 1972; Scheler et al., 1998) and Asp-N (Wang et al., 2005) 
have been used for the in-gel digestion. These proteases cut specifically at only one 
amino acid e.g. Asp-N cuts at the N-terminal side of aspartic acid residues 
(Michalski and Shiell, 1999) and hence a small number of longer peptides is 
obtained. The peptides obtained after the digestion have to be extracted from the gel 
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matrix and incorporated with MALDI matrix for further analysis by MALDI-TOF to 
obtain the MALDI spectra. The next step is Peptide Mass Fingerprinting, which 
involves identification of proteins after the peptide mixture has been analyzed by 
MS. Proteins are identified by matching a list of experimental peptide masses, 
measured with high accuracy, with the theoretically calculated peptide masses 
obtained from an in silico digestion of all proteins present in a given database, taking 
into account the specificity of the protease employed (Henzel et al., 1993; Mann et 
al., 1993; Pappin et al., 1993).  
Mass Spectrometry is also a general method for post-translational 
modification analysis, because PTMs lead to a mass increase or decrease with respect 
to the molecular weight expected on the basis of amino acid sequence. 
 
Table 3-1: Proteases and their cleavage specificities 
 
* Cleavage after aspartate and glutamate in sodium phosphate buffer, pH 7.8; otherwise 
cleavage only after glutamate 
Enzyme Cleavage specificity  
Trypsin  /K-X… C terminal and /R-X…C terminal, where X is 
any amino acid except proline (Walsh, 1970) 
Endoprotease Glu C /E-X and /D*-X, where X is any amino acid except 
proline (Sorensen et al., 1991) 
Endoprotease Asp N X-/D, where X is any amino acid (Drapeau, 1980) 
 
Endoprotease Lys C /K-X, where X is any amino acid except proline (Jeno et 
al., 1995) 
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3.1.3 Reverse-phase high performance liquid chromatography 
 
HPLC has gained importance as an analytical tool in peptide chemistry 
because of its exquisite speed and resolving power (Hearn et al., 1988). In reverse-
phase HPLC, separation of substances that are sparingly soluble or insoluble in water 
is carried out by nonpolar bonded phases with hydro-organic eluants. Reverse-phase 
chromatography is so called because the polarity of the eluant is greater than that of 
the stationary phase. The term ―reverse-phase chromatography‘ was originally 
suggested by Howard and Martin (Howard and Martin, 1950). The reverse-phase 
HPLC method predominates over the other HPLC methods like ion-exchange 
chromatography and size-exclusion chromatography and has become popular due to 
its relative simplicity and reproducibility (Snyder et al., 1974).  In reverse-phase 
HPLC, the stationary phase is commonly a finely divided organo-silica with 
octadecyl moieties covalently bound to the solid surface (C18 columns), and aqueous 
acetonitrile is used as the mobile phase. This technology has been widely used for the 
study of metabolism of drugs as many of the compounds which are made as 
pharmaceuticals are of a relatively low relative molecular mass and can be 
successfully chromatographed (Marten and Ruane, 1980).  
Since many pesticides are thermally labile and might not survive the GC 
process, HPLC is the best alternative. A reverse-phase ion-pair HPLC method was 
used to separate and
 
quantify not only methyl parathion but also six of its hepatic 
biotransformation
 
products: methyl paraoxon; desmethyl parathion; desmethyl 
paraoxon;
 
p-nitrophenol; p-nitrophenyl glucuronide and p-nitrophenyl
 
sulphate 
(Anderson et al., 1992).  
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3.1.4 Phosphopeptide enrichment  
There are a number of phosphopeptide enrichment methods which have been 
reported for use when a limiting amount of protein is available. These include the use 
of phosphospecific antibodies (Pandey et al., 2000), phosphospecific 
chromatographic methods (Cao and Stults, 2000; Posewitz and Tempst, 1999; 
Stensballe et al., 2001) and chemical modification methods (Jaffe et al., 1998; Oda et 
al., 2001). The present investigation proceeded with the use of chromatographic 
phosphopeptide enrichment before MALDI-TOF analysis. The use of immobilized 
metal ion affinity chromatography (IMAC) utilises the high affinity of phosphate 
groups towards a metal-chelated stationary phase, especially Cu
2+
, Fe
3+
, and Ga
3+
.  
Under acidic conditions, (pH 2.5 to 5.5) the phosphate and metal ion form a complex 
which is broken at alkaline pH. 
3.1.5 PEAKS: a tandem mass spectrometry software package 
 The software package PEAKS (Bioinformatics Solutions Inc., Canada) has 
many applications to determine protein and peptide sequences and respective 
quantitative properties. It can perform auto de novo sequencing (Ma et al., 2003), 
protein identification using an internal database search engine (Rogers et al., 2004), 
post-translational modification using PTM finder and protein quantification (Xin et 
al., 2009). Using this software, tandem mass spectra are searched against the internal 
database and PEAKS
TM 
de novo sequencing results are used to automatically 
discover variable PTMs. To identify modifications, PEAKS provides a library of 
approximately 30 common PTMs and it is also possible to create custom PTMs in 
the system. It takes into account the specified modification of interest while 
performing the identification of proteins from tandem MS spectra.  
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3.2 Methodology 
3.2.1 Homogenate preparation 
Frozen insects were homogenized with a Polytron 
TM 
Kinematic sonicator 
(GmbH, Kriens-Luzern, Switzerland) in ice cold 0.05 M sodium phosphate buffer, 
pH 7.4 containing 0.1 mM phenyl thiourea, 0.1 mM dithiothreitol, 0.1 mM α-toluene 
sulfonyl fluoride and 1 mM EDTA. A protease inhibitor cocktail (Sigma) containing 
lyophilized powder was dissolved in 100 ml of deionised water as per the 
manufacturer‘s guideline and aliquots of 1 ml were prepared and stored at -20° C. 
This protease inhibitor cocktail (1 ml / 0.5 g of flies) and cysteine (2 mg / 0.5 g of 
flies) were added to avoid protein degradation and oxidative darkening of the 
homogenate respectively. After homogenisation, the extract was centrifuged at 4
ο 
C 
for 15 minutes at 10,000 x g and the supernatant was filtered through glass wool. The 
filtered supernatant was re-centrifuged at 4
ο 
C at 100,000 x g for 1 hr. The clear 
supernatant was designated the crude enzyme and used for further purification by 
affinity chromatography. 
3.2.2 Affinity chromatography 
The present study has involved the use of glutathione as well as S-2, 4- 
dinitrophenylglutathione (DNP-GSH) and S-2-chloro-4-nitrophenylglutathione 
(CNP-GSH) matrices synthesised in laboratory as affinity chromatography media for 
the partial separation of GSTs from the different classes. The sequential use of 
affinity matrices permits the isolation of more different classes of GST than is 
possible with one matrix. 
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3.2.2.1 Preparation of affinity matrices 
 
The preparation of affinity matrices involved the linking of glutathione or a 
glutathione conjugate to Sepharose 6B activated with epichlorhydrin. 
 
3.2.2.1.1 GSH matrix 
Sepharose 6B linked glutathione matrix was prepared according to the 
method described by Clark et al. (1990). Briefly, Sepharose 6B was washed with 
several volumes of 0.9% sodium chloride (w/v) in a sintered glass funnel. Excess 
liquid was removed and caked gel was weighed. The gel was re-suspended in 1.6 
volumes (compared to gel volume) of 1M NaOH with 0.2 volume (compared to gel 
volume) of epichlorhydrin. The flask was stoppered and the mixture was brought to 
60
ο
 C in a water bath with gentle rotating of the flask for 2 hours. The activated gel 
was removed from the mixture by filtration. The gel was washed with 0.05 M 
sodium phosphate buffer pH 7.4 (5 volumes). This washed and activated gel (1 
volume) was mixed with glutathione (10 g per 100 ml gel) in 0.05 M sodium 
phosphate buffer, pH 7.0 (2 volumes). Nitrogen gas was bubbled through the mixture 
for 20 min. The mixture was then incubated at 37
ο
C for 12 hours with gentle shaking. 
After that, the unconjugated glutathione was filtered off, the gel was washed with 
five volumes of water and the unreacted epoxide groups were blocked by incubating 
the gel with 1 M ethanolamine/HCl buffer pH 9 (2 volumes) for 12 hours at 4
ο
C. The 
blocking solution was removed by filtration and the gel was washed five times 
alternately with 0.1 M sodium acetate containing 0.5 M NaCl and 0.1 M sodium 
borate containing 0.5 M NaCl.  Finally this gel was equilibrated with the appropriate 
buffer (usually 0.05 M phosphate buffer, pH 7.4) and stored with 20% ethanol in 
0.05 M phosphate buffer, pH 7.4. 
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Determination of matrix substitution: 
The GSH in this matrix was linked via its thiol group. The extent of 
substitution was therefore estimated by measuring the concentration of free amino 
groups bound to the gel. This was performed by reacting these groups with the 
chromogenic TNBS (2,4,6-trinitrobenzenesulfonic acid) (Sigma), according to the 
method of Cuatrecasas (Cuatrecasas.P and Parikh, 1972). One ml of packed GSH-
substituted gel was mixed with 1 ml of saturated disodium tetraborate solution and 
100 µl of 3% (w/v) TNBS. This mixture was shaken well and incubated at 40
 ο
C for 
30 minutes. After incubation, excess reagent was removed by filtration and the gel 
was washed with 0.9% NaCl. Then 2 ml of concentrated HCl was added and the 
mixture was boiled until the gel dissolved (<30 seconds). The solution was rapidly 
diluted with water and adjusted to pH 9.6 with NaOH. The final volume was made 
up to 50 ml and the extinction was measured at 400 nm. The assay procedure was 
standardized using S-hexyl-GSH as a suitable S-blocked glutathione derivative 
(TNBS reacts strongly with thiol groups). Controls were carried out using 
unsubstituted epichlorhydrin-activated Sepharose. 
3.2.2.1.2 DNP-GSH and CNP-GSH matrix 
The solutions (200 ml) of 100 mM CDNB and 100 mM reduced 
glutathione were prepared in ethanol and distilled water respectively. The CDNB 
solution (200 ml) was added to GSH solution dropwise over 5-10 minutes and the 
solution was continually adjusted to pH 9.6 with 1 M NaOH solution. The mixture 
was allowed to react for 24 to 36 hours at room temperature. After incubation, 
ethanol was evaporated from the mixture by use of a rotary evaporator. The 
conjugate DNP-GSH was repeatedly precipitated by decreasing the pH from 9.6 to 
pH 3. Thin Layer Chromatography (TLC) was performed to detect the purity of the 
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DNP-GSH conjugate formed. TLC was carried out in butanol: acetic acid: water 
(4:1:5), where the upper phase was used to run the TLC plate spotted with the 
conjugate. The conjugate was identified by spraying ninhydrin-collidine solution (50 
ml 0.1% ninhydrin in ethanol + 2 ml collidine + 15 ml glacial acetic acid). The 
precipitation procedure was repeated until a single conjugate spot was obtained 
without any GSH contamination. This conjugate was kept in a vacuum desiccator. It 
was used to react with epichlorhydrin activated Sepharose 6B by the same procedure 
used to link glutathione with Sepharose 6B but at pH 9 (Clark et al., 1990). The same 
procedure was followed for the synthesis of CNP-GSH conjugate. A longer reaction 
time was required for CNP-GSH conjugate formation (usually 2-3 days) as DCNB 
reacts slowly with glutathione. 
 
 
Figure 3-1: Proposed structure of A) DNP-GSH conjugate and B) CNP-GSH conjugate 
covalently linked to epichlorhydrin activated Sepharose 6B. 
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Determination of matrix substitution: 
The extent of substitution of DNP-GSH and CNP-GSH with Sepharose 6B 
was measured spectrophotometrically. The extinction coefficients of DNP-GSH and 
CNP-GSH conjugates were taken to be 10,400 and 9,300 at 340 and 344 nm 
respectively (Habig et al., 1974). Newly made DNP-GSH or CNP-GSH substituted 
matrix (1 ml) was mixed with 2 ml of concentrated HCl and boiled until the gel 
dissolved (<30 seconds). The solution was rapidly diluted with water and adjusted to 
pH 9.6 with NaOH. The final volume was made up to 50 ml and the extinction was 
measured at the relevant wavelength. Activated Sepharose 6B was used as a control. 
3.2.2.2 Chromatographic techniques using FPLC 
FPLC Tricorn
TM
 5/50 columns were packed with the glutathione, DNP-GSH 
or CNP-GSH conjugated matrices and used for the affinity chromatography using the 
Amersham ÄKTA FPLC system. Alternatively for preliminary experiments, the 
prepared matrix (5 ml) was packed in a 10 ml disposable syringe fitted with a plastic 
sinter. Buffers and sample were pumped by a peristaltic pump. All purification 
experiments were performed in a cold room at 4˚C. 
3.2.2.2.1 Desalting / de-pigmenting method protocol 
A Pharmacia HiTrap desalting column (1.6 x 2.5 cm, 5 ml) was used to 
remove ―pigments‖ from the large volume (10-30 ml) of crude homogenate. In some 
experiments, a column (5 x 26 cm, 500 ml) was packed with Sephadex
®
 G-75 for the 
complete removal of low M.W. proteins and pigments from the sample. It was 
observed during routine experiments that use of a HiTrap desalting column gave a 
similar percentage recovery of GST activity to the use of the larger Sephadex
®
 G-75. 
Since the former procedure was much quicker, in most of the experiments the crude 
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extract was de-pigmented rather than subjected to a complete desalting. The column 
was equilibrated with several volumes of the 0.05 M sodium phosphate buffer pH 
7.4. The crude homogenate was injected using a super loop (10 ml or 50 ml) and the 
flow rate was fixed at 1.0 ml/min. The FPLC was programmed to wash out the 
sample with phosphate buffer. Fractions of 3 ml were collected. The GST activity of 
all the fractions was checked using CDNB as substrate according to the method of 
(Habig and Jakoby, 1981). The catalytically active fractions were pooled and 
subjected to further purification.    
3.2.2.2.2 Affinity chromatography protocol 
Active enzyme fractions obtained from the desalting or de-pigmenting 
column were loaded onto a Tricorn 
TM 
5/50 column, which was packed with affinity 
matrix. In some of the experiments, a commercially available 5 ml column of 
immobilized glutathione with a C12 arm S-linked to GSH (GSTrap
TM 
FF, GE 
Healthcare-Amersham Bioscience) was used. The substitution of GSH in GSTrap
 
column is 7-15 µmol/ml according to GE Healthcare. DNP-GSH and CNP-GSH 
substituted matrices (9.55 µmol/ml and 9.65 µmol/ml respectively) made following 
method 3.2.1.1.2 were also employed for subsequent isolation of GSTs.  All the 
columns used in FPLC had previously been equilibrated with 0.05 M sodium 
phosphate buffer, pH 7.4. After application of the sample, the unbound material was 
washed out with 5 column volumes of the above phosphate buffer. A two-phase 
gradient of 0-20 mM GSH buffer, pH 9.6 (first phase 20 ml of 0-100% 20 mM GSH 
linear gradient for 20 min and second phase 20 ml of 100% 20 mM GSH for 20 min) 
was formed to elute the bound proteins. The flow rate was 1.0 ml/min. Fractions of 3 
ml were collected for unbound void fractions and 2 ml for the GSH gradient. UV 
absorbance, conductivity and pH were recorded.  Initially all the fractions were 
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analysed for enzyme activity with CDNB. The enzymatically active fractions were 
pooled and the activities with DCNB, p-nitrophenyl acetate (NPA), trans-2-nonenal 
(TNE), and dehydroascorbic acid (DHA) were routinely measured. The activity with 
ethacrynic acid (EA) and trans-4-phenyl-3-butene-2-one (PBO) was also measured 
in some experiments. 
3.2.3 Chromatofocusing 
FPLC chromatofocusing involved the use of a Pharmacia Mono P column 
5/50 GL. The chromatofocusing was performed in pH ranges 7-4 using 0.025 M 
imidazole-HCl buffer pH 7.4 as a start buffer and the polybuffer 7-4, pH 4.0 as an 
elution buffer. Equilibration of the sample against the start buffer was carried out 
either by dialysis or by using a Sephadex G-25 column. The pH and conductivity of 
the sample were then checked to ensure they matched those of the start buffer. The 
sample was then injected into the chromatofocusing column pre-equilibrated with 
the start buffer. The flow rate was 0.5 ml/min. The fraction size was 3 ml for 
unbound fractions and 2 ml for the pH gradient elution. All fractions were analysed 
for enzyme activity with CDNB according to the method of (Habig and Jakoby, 
1981) and active fractions were pooled for further analysis. 
 
3.2.4 Enzyme assays 
The glutathione S-transferase activity with different model substrates was 
measured spectrophotometrically on a Varian Cary IE or Cary 300 Bio 
Spectrophotometer with the kinetic software ―Cary Win UV‖.  The enzyme assay 
conditions used are summarised in Table 3-2.
 Table 3-2: GST enzyme assay conditions 
Substrates Concentration Buffer Molar extinction 
coefficient 
(M
-1
 cm
-1
) 
Absorbance 
at wavelength 
(nm) 
Reference 
Substrate 
(mM) 
GSH 
(mM) 
______________________________________________________________________________________________________________ 
1-Chloro-2,4-dinitrobenzene 1 1 A 9600 340 Habig et al., 1974 
3,4-Dichloronitrobenzene 0.4 4 B 8400 344 Motoyama, 1977 
1, 4-Dinitrophenyl acetate 0.3 0.5 C 8790 400 Habig et al., 1974 
trans-2 Nonenal 0.025 1 A -19200 225 Brophy and Barrett, 1989 
Dehydro ascorbic acid 1 1 A 1400 265 Kim et al., 2006 
Ethacrynic acid 0.2 0.25 A 5000 270 Habig et al., 1974 
trans-4-Phenyl-3-butene-2-one 0.05 0.25 A -24800 290 Habig et al., 1974 
 
Buffer A- 0.1 M Phosphate, pH 6.5; Buffer B- 0.1 M Tris, pH 9.0; Buffer C- 0.1 M Phosphate pH 7.0 
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3.2.5 Protein measurement 
3.2.5.1 Protein concentration 
Enzymatically active pooled fractions were concentrated using Vivaspin 6 ml 
or 20 ml concentrators (<10,000 Da cut off) (Vivascience AG Hannover, Germany) 
by centrifuging at 3000 x g for 30-60 minutes depending on the degree of 
concentration required (usually 5-6-fold).  
3.2.5.2 Protein estimation 
3.2.5.2.1 Bradford assay 
Protein estimation was carried out by the Bradford assay (Bradford, 1976; 
Spector, 1978). The commercially available Bradford dye reagent was used in 1:5 
dilution (dye reagent: deionised water). Bovine Serum Albumin (BSA) was used as 
the standard. Aliquots of the BSA stock (1 mg/ml) were pipetted (20, 40, 60 and 80 
µl corresponded to 20, 40, 60, 80 µg of BSA) and buffer was added to make up 100 
µl in each tube. The reagent blank was prepared by addition of appropriate buffer. 
Unknown samples were prepared with dilution (2-5-fold) or without dilution as 
required. To each tube including standards and samples, 5 ml of Bradford dye 
reagent was added, followed by vortexing. After a 5 minute incubation at room 
temperature, the absorbance was read at 595 nm in a Cary 1E or Cary 300 UV-
Visible spectrophotometer. The standard curve was plotted by linear regression and 
the protein content of the unknown samples was calculated from the linear regression 
equation. 
3.2.5.2.2 Microtiter plate assay 
BSA stock (10 mg/ml) was prepared and subsequently diluted to a 
concentration of 1 mg/ml. Out of this stock, dilutions of 0.05, 0.1, 0.2, 0.3, 0.4 and 
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0.5 mg/ml working standards were prepared. Of each of these working standards 10 
µl were pipetted into assigned wells, corresponding to 0.5, 1, 2, 3, 4 and 5 µg of BSA 
per well in a 96-well plate using a multi channel pipette. A reagent blank used 10 µl 
of the buffer. Unknown samples (10 µl) with or without dilution were pipetted into 
the wells. Bradford reagent (200 µl) was added in each well. Each sample and blank 
was prepared in triplicate. The absorbance was read at 595 nm after 5 minutes using 
a Versamax Microplate Reader (Molecular Devices, USA). 
3.2.5.2.3 2D Quant kit (EttanTM sample preparation kit and reagents) 
BSA standard (2 mg/ml), colour reagent A, reagent B, copper reagent, 
precipitant and co-precipitant were supplied in this 2D Quant kit (Amersham 
Bioscience, USA). The protein assay was performed according to the manufacturer‘s 
instructions. In brief, different concentrations of BSA standard were used to plot a 
standard curve (5, 10, 15, 20, 25 µl corresponding to 10, 20, 30, 40, 50 µg of BSA). 
These and the unknown samples (10 µl) were pipetted into Eppendorf tubes. To all 
of these tubes including standards and samples, 500 µl of precipitant was added. The 
solutions were mixed and incubated for 2-3 min at room temperature. Co-precipitant 
(500 µl) was then added and mixed by vortexing. Tubes were centrifuged at 10,000 x 
g for 5 min. The supernatant was discarded. The copper reagent (100 µl) and 
deionised water (400 µl) were added to the pellet. Then 1 ml working colour reagent 
[1:100 (colour reagent B: colour reagent A)] was added in each tube and incubated at 
room temperature for 15-20 min. The absorbance was measured at 480 nm by Varian 
Cary IE or Cary 300 Bio Spectrophotometer. The colour intensity varies inversely 
with protein concentration. The protein content of unknown samples was measured 
from the standard curve regression equation. This method was used when the protein 
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content of the sample was very small and could not be determined by the Bradford 
assay. 
3.2.6 Protein precipitation of samples for electrophoresis 
To 1 ml of protein sample, 0.1 ml of 0.15% (w/v) deoxycholic acid was 
added in an Eppendorf tube. The mixture was vortexed and was allowed to stand at 
room temperature for 10 min. Then 0.1 ml of 72% (w/v) trichloroacetic acid (TCA) 
was added. The mixture was vortexed and centrifuged at 10,000 x g for 15 min. The 
supernatant was carefully discarded and 1 ml of acetone was added to the pellet. The 
tube was incubated at 4
ο
C for 10 min. It was again centrifuged at 10,000 x g for 10 
min at 4
ο
C. The acetone was poured off and pellet was allowed to air-dry. Protein 
precipitation was performed to prepare samples for electrophoresis. 
3.2.7 Proteomics  
3.2.7.1 SDS-PAGE 
One dimensional SDS-PAGE was performed using Mini-PROTEAN
(R) 
Electrophoresis units with a Bio-Rad model 1000/500 power supply. The assembly 
and preparation of the electrophoresis apparatus was as described in the instruction 
manual. The plates were cleaned with acetone and Kimwipes before casting the gel. 
Mini gels were prepared using 1 mm spacers. The 12% separating gel and 4% 
stacking gel were prepared according to the manufacturer‘s manual (see Appendix 
10.1- reagent preparation). 
The gel was cast on the casting unit using 5 ml of separating gel mixture (see 
Appendix 10.1-Reagent preparation). 1% SDS was layered on top of the gel and 
polymerisation was allowed to proceed for 30-40 minutes. Once the separating gel 
was polymerised, the stacking gel mixture was poured on top of the separating gel 
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and a Teflon comb was inserted for sample well formation. The gel was allowed to 
polymerise for 30-40 min. 
The running buffer (see Appendix 10.1- Reagent preparation) was diluted 10 
x from the stock prior to use and poured in the electrophoretic chamber. In each well 
15 µl of the protein sample (5-15 ug/lane) was loaded using gel loading tips (for 
sample preparation, see Appendix 10.1 - Reagent Preparation). Five µl of standard 
molecular weight marker (Benchmark
 TM
 protein ladder) was loaded on to each gel. 
A voltage of 150-200 V was applied to run the gel until the boundary of 
Bromophenol Blue in the samples moved to the end of the gel. The gel was routinely 
stained with colloidal Coomassie Blue G-250 stain (see Appendix 10.1- Reagent 
preparation) overnight in a plastic container on a shaker. The stain was prepared 
freshly to avoid the loss of sensitivity. Destaining was carried out by washing the gel 
twice with water and then shaking the gel with 25% methanol in water for 10-15 
minutes.  
3.2.7.2 Two dimensional (2D) electrophoresis 
 
For one-dimensional isoelectric focusing, Immobiline
TM
 Dry strips, 7 cm, pI 
3-10, linear and pI 4-7, linear were used in the Multiphor
TM 
II Electrophoresis Unit. 
Rehydration of the gel strip 
A rehydration solution was prepared containing 8 M urea, 2% (w/v) CHAPS, 
15 mM DTT, 30 mM thiourea and 2% ampholyte, pH 3-10. (See Appendix 10.1- 
Reagent preparation). Protein was precipitated and mixed well with 100 µl of 
rehydration buffer. Once the protein was dissolved completely, its concentration was 
estimated to determine the amount of protein to load on the strip. Protein load was 
adjusted according to the instruction manual for the strip, in the range of 50- 100 µg. 
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This loading mixture was adjusted to 125 µl with rehydration buffer and was applied 
carefully to the IPG strip (gel side down) placed in a 2 ml plastic pipette, which was 
cut in half and sealed with Parafilm at one end. After sealing off the other end of the 
pipette, the strip was left overnight at room temperature for rehydration. 
First dimensional isoelectric focusing 
A Multiphor
TM 
II Electrophoresis unit was used for isoelectric focusing. Shell 
Ondina oil was poured on the cooling plate and the temperature was set to 20
ο
C. The 
Immobiline
TM 
Dry Strip tray was placed on the top of the cooling plate and oil was 
placed in the tray. The strip aligner was placed on the sample tray ensuring that no 
air bubbles were trapped. The strips were then placed in the grooves of the aligner 
tray with the gel side up using tweezers. The acidic end of the strip was positioned 
near the anode while the basic end was at the cathode. If more than one IPG strip was 
used in first dimension IEF, then care needed to be taken to line up the anodic gel 
edges. Then two IEF electrode strips (11 cm each) were soaked with distilled water. 
Excess water was removed by blotting with tissue paper. These electrode strips were 
placed perpendicularly at each end of the aligned strips to ensure the contact between 
the gel and electrode strips. The electrodes were then placed on top of the electrode 
strips. The Shell Ondina Oil was again poured on to the tray to completely cover the 
strips. IEF was run using an EPS 3501 XL power supply. Runs were programmed in 
a gradient mode modified from the manufacturer‘s guidelines.  
The three phases of the voltage programme were as below: 
Phases                                     Voltage                               Time 
Phase I                                      200 V                                  0.017 h 
Phase II                                 200-3500 V (ascending)         1.30 h 
Phase III                                   3500 V (steady)                      1.30 h 
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Equilibration of the focused IPG strip 
The focused IPG strips then needed to be equilibrated with SDS buffer for the 
second dimension in SDS-PAGE. The equilibration procedure consists of two steps. 
The first step was the reduction all of the cysteines present in the protein with DTT 
and the second step was treatment with iodoacetamide. For this, the stock 
equilibration solution was prepared with 0.5 M Tris-HCl, pH 6.8, urea, glycerol, SDS 
and deionised water (see Appendix 10.1- Reagent preparation) and divided into two 
tubes. In one tube 0.25% (w/v) DTT (solution 1) and in another 4.5% (w/v) 
iodoacetamide and traces of bromophenol blue (solution 2) were added.  Each strip 
required about 2.5 ml of each of the equilibration solutions for 15 min. 
Second dimension (SDS-PAGE) 
The second dimension separation was performed using the Mini-
PROTEAN
TM 
II Electrophoresis units. The equilibrated IPG strip was dipped in the 
SDS electrophoresis buffer to lubricate it and placed along the top of a pre-formed 
acrylamide gel. The PAGE was carried out in the same way as described before in 
1D SDS PAGE, except a differently designed comb was placed in the stacking gel to 
form wells appropriate to accommodate the strip and molecular weight marker along 
side. The gel was run at a constant 150 Volts using Bio-Rad Model 1000/500 
constant voltage power supply. The gel was stained overnight with colloidal 
Coomassie Blue G-250 and destained with 25% methanol in deionised water. 
3.2.7.3 Gel scanning 
The Coomassie Blue stained gels were scanned by a Molecular Dynamics 
Personal Densitometer SI
TM
 with the Molecular Dynamics Scanner Control 
application version 4.0. Gels were then visualized and analyzed using the Molecular 
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Dynamics ImageQuaNT application (version 5.2). The pixel size and digital 
resolution were fixed at 50 micron and 12 bit, respectively. Quantitative differences 
in terms of spot volume and area of GST spots during the development of the insect 
and in susceptible and resistant L. cuprina flies were analysed by ImageQuaNT 
software.  
3.2.7.4 Destaining of the gel spots and in-gel digestion  
The gels, containing a protein band (1D gel) or spot (2D gel) of interest to be 
analysed, were initially washed twice with deionised water. Gels were placed on a 
glass surface, cleaned with acetone, and protein spots were individually excised with 
a sterile scalpel, cut into small pieces and placed in Eppendorf tubes. The gel pieces 
were destained using 100 mM ammonium bicarbonate: acetonitrile (50:50) with 
shaking. Destaining was carried out for as long as required for the gel pieces to be 
completely colourless. The destain solution was changed every 45 minutes. When 
fully destained, the gel fragments were dehydrated with two washes of 100 µl of 
100% acetonitrile (ACN) whereupon they turned bright white. The gel pieces were 
then dried in the Speed-Vac for 5 min to evaporate the ACN. 
The protein was then cleaved enzymatically into peptides. For this, the 
proteomics grade trypsin (Sigma, 20 µg) in a vial was dissolved in 40 µl of HPLC 
grade water. Aliquots of 5 µl of dissolved trypsin were pipetted into small Eppendorf 
tubes (0.6 ml) and were dried in the Speed-Vac. For the digestion of proteins, the 
dried trypsin was reconstituted by dissolving in 40 µl of 50 mM ammonium 
bicarbonate, pH 8.0. Trypsin solution (2 μl) was added to make direct contact with 
dried gel pieces and incubation was carried out for 1-3 hours at room temperature. 
The gel pieces were fully re-swollen after tryptic digestion. Again 30 µl of 50 mM 
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ammonium bicarbonate was added to the gel pieces and they were left overnight at 
room temperature to allow for the diffusion of the peptides from the gel. This 
peptide-containing solution was transferred to new small Eppendorf tubes. To the gel 
pieces, 30 µl of 50 mM ammonium bicarbonate was added and they were shaken for 
30 min. The supernatant was transferred to the same small Eppendorf tubes. To the 
gel pieces 35 µl of 0.2% trifluoroacetic acid (TFA) was added and diffusion was 
allowed for 2-3 hours. This solution was also transferred to the digest solution in the 
Eppendorf tubes. ACN: 0.2% TFA (1:1) (30 µl) was then added to the gel pieces. 
The tubes were incubated for 2-3 hours. This solution was also removed and added to 
the digest solution. Finally 30 µl of ACN was added and tubes were incubated for 2-
3 hours at room temperature. After incubation this solution was transferred to the 
accumulated solution. The digest solution was lyophilised in the Speed-Vac at 35°C 
until fully dried. The dried peptides were stored at -20°C for subsequent MALDI 
analysis.  
3.2.7.5 Matrix preparation 
The matrix used in the study was α-cyano-4-hydroxycinnamic acid (CHCA). 
To reconstitute the dried peptides obtained as above, matrix solution was prepared 
using 50% acetonitrile, 0.2% trifluoroacetic acid (TFA), CHCA to saturation and 
deionised water (498 µl ACN + 2 µl TFA + 500 µl deionised water + CHCA). The 
solution was vortexed and centrifuged before using the supernatant. 
3.2.7.6 MALDI sample preparation 
The MALDI-plate was cleaned using acetone and Kimwipes followed by 
rinsing the plate with water and acetone in succession. Subsequently the plate was 
rinsed with ultra pure water followed by acetone. The remaining acetone was 
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removed using Kimwipes and the plate was dried in a laminar flow hood. To the 
dried peptide sample, 2 µl of matrix solution was added. The generated 
matrix/peptide solution was mixed and immediately spotted onto the MALDI-plate. 
For each sample, two spots were applied the MALDI plate, without touching the 
pipette tip to the plate. The external calibration mixture was generated by adding 1 µl 
of Calmix 2 calibration mixture to 99 µl Matrix Solution followed by vortexing. This 
was immediately spotted onto the MALDI-plate. The following figure describes the 
spot pattern on the MALDI-plate. One spot represents 1 µl of external calibration 
mixture. The spots were left to dry in the laminar airflow hood before inserting the 
plate into the mass spectrometer. 
 
 
 
External 
Standard spot 
Sample spot 
 
Figure 3-2: MALDI-plate spot pattern (Invitrogen Protocols) 
Each external standard spot was placed in the middle of four sample spots in order to 
minimize the distance between sample and external calibration spots and therefore to 
minimize the time between the recording of a sample spectrum and an external calibration 
spectrum. Thus the effect of change of the conditions within the MALDI-TOF MS apparatus 
was reduced to a minimum.  
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3.2.7.7 Peptide Mass Fingerprinting 
Following the incorporation of peptides into the MALDI matrix a mass 
spectrum was recorded in order to obtain the protein specific peptide mass 
fingerprint (PMF). After drying, the sample was subjected to MALDI-TOF mass 
spectrometry analysis using an Applied Biosystem Voyager-DE
TM 
PRO 
Biospectrometry Workstation. A peptide mass map was generated by the Voyager 
Instrument Control Panel software (version 5.0). Mass spectra were recorded ten 
minutes after loading the MALDI-plate into the Bio Spectrometry Workstation to 
ensure best vacuum conditions within the flight tube of the MALDI-TOF MS 
apparatus. The spectra were obtained in reflector mode with an extraction delay time 
of 180 ns. The instrument was used in positive polarity and set to an accelerating 
voltage of 20,000 V, 75% grid voltage, 0.002% guide wire and laser intensity in the 
range of 1700-2100. Spectra of samples were recorded using 200 laser pulses per 
spectrum and a mass range setting of 750-3500 Da. 
Internal mass calibration was performed using trypsin auto digestion 
products. (i.e. autoproteolytic peptide masses of trypsin: 805.4167 and 2163.0566 
present in the spectra). External calibration was only used when trypsin peaks were 
inadequate and was performed using the Calmix 2, which consists of peptides with 
monoisotopic masses of 1296.683 (angiotensin I), 2093.0868 (ACTH) and 
2465.1989 (ACTH) (See Appendix Figure 10-1). This calibration procedure was 
carried out by the mass spectra analysis program Data Explorer. However, a manual 
examination and, if necessary, correction of the labelling of monoisotopic peaks was 
conducted. 
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Fragmentation spectra cannot be used to derive a full peptide sequence, i.e. 
the sequence of a peptide cannot be determined de novo in this MS experiment. 
However, the individual PMFs were subsequently searched against the National 
Centre for Biotechnology Information non-redundant (NCBInr) protein database 
using Profound (http://prowl.rockefeller.edu/prowl-cgi/profound.exe) (Zhang and 
Chait, 2000) as the search algorithm in order to identify the selected proteins. 
ProFound is a tool for searching a protein sequence collection with peptide mass 
maps. It uses a Bayesian algorithm to rank the protein sequences in the database 
according to their probability of producing the peptide map. Z scores obtained 
correspond to the percentile of the search in the random match population. For 
instance, a Z score of 1.65 for a search means that the search is in the 95th percentile. 
In other words, there are about 5% of random matches that could yield higher Z 
scores than this search. Hence, a Z score of 1.65 or lower indicates that the candidate 
is likely to be a random match. Such comparisons against the databases allow the 
identity of peptides that subsequently are used to compile a protein hit list. Usually a 
protein can be confidently identified by two or three peptides. If only a single peptide 
is used to identify a protein, further confirmation is needed (Salzano and Crescenzi, 
2005). 
3.2.7.8 Protein identification 
The parameters used initially in the programme Profound were as follows: 
Database: NCBInr, Taxonomy: Drosophila melanogaster (fruit fly), enzyme: 
Trypsin, peptide mass tolerance: 0.5 Da, missed cleavage: 1, carbamidomethylated 
cysteine as fixed modification, oxidation of methionine as a variable modification, 
charge state: MH+, Monoisotopic masses. 
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Protein identity was assigned when the algorithm came up with a significant 
identification result. Furthermore the calculated pI value and the molecular mass 
were compared to the experimental data from the gel electrophoresis. In this context 
protein fragments, adducts and post-translational modifications were considered. 
Identifications in D. melanogaster were made with a high degree of confidence 
whereas in L. cuprina they were necessarily much less sure. Some of the L. cuprina 
spots were matched against the D. melanogaster database to see the similarities 
between two species. In cases of poor identification scores using the D. melanogaster 
database the taxonomy was expanded to ―Other Metazoa‖.  
Following the protein identification by their corresponding peptide mass 
fingerprints using Profound, further information about the identified proteins was 
acquired using the Swiss-Prot and TrEMBL database hosted by the ExPASy 
Proteomics Server, URL: http://www.expasy.ch. This additional information 
included: primary accession number, protein name, gene name, computed pI and 
computed molecular mass. 
3.2.8 Reverse phase HPLC 
To determine the in vitro conjugation of insecticides by GSTs, reverse phase 
HPLC was employed as per the methodology of (Kostaropoulos et al., 2001b). The 
specific activities of affinity-purified GSTs from the three strains of L. cuprina 
(NSW, PY81 and CSIRO) towards methyl parathion and diazinon were determined. 
For this purpose, assays were carried out with 0.1 M Tris HCl, pH 8.0 and insecticide 
(5.5 μM), GSH 4 mM and enzyme 100-200 μg in 1 ml assay mixture in screw-cap 
culture tubes. The reaction was stopped by addition of 1 ml of heptane after 4 hours 
of incubation at 37ºC. Afterwards the reaction mixture was subjected to vigorous 
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vortexing and centrifugation, and a portion of the resulting heptane extract (20 μl) 
was subjected to HPLC analysis. 
Analysis was performed on an Agilent HPLC 1100 series system (Agilent 
Technologies, Australia) equipped with Quat Pump (G1311A) and UV/Visible 
detector (G1314A). The injections were made by the use of an automated injection 
compartment, model G1329A. The injection volume was set to 20 μl. The system 
was operated in the reversed-phase mode and the analysis was carried out using a C18 
Nucleosil 100, 4.6 mm X 250 mm, 5 µm analytical column (Waters Corporation, 
USA). The flow rate was 1 ml min
−1
. Non-conjugated insecticide was eluted with a 
gradient of aqueous mobile phase (A) consisted of 0.1% TFA in water while the 
organic phase (C) consisted of 0.1% TFA in acetonitrile. TFA is used because of its 
excellent ion pairing and solvating characteristics. A 20 min gradient was used with a 
column temperature 30 °C.  
 
            
Figure 3-3: HPLC mobile phase gradient 
 
The detection wavelength was set to 280 nm for methyl parathion and 254 nm for 
diazinon. Quantitative measurements for each insecticide were made using respective 
standard calibration curves. For each insecticide, the remaining amount, as detected 
by HPLC, was subtracted from the initial amount of the insecticide added to the 
 
Time(min) %A %C 
0  85 15 
5  85 15 
25  15 85 
35  15 85 
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assay in order to determine the enzyme‘s specific activity. For each assay, three 
controls were used: (1) insecticide without enzyme or GSH, to check the spontaneous 
chemical degradation of the insecticide; (2) insecticide and GSH without enzyme in 
order to determine the non-enzymatic reaction between GSH and the insecticide; (3) 
insecticide and enzyme without GSH, for the case of insecticide binding to enzyme 
without being conjugated to GSH or for hydrolytic degradation of an insecticide. 
3.2.9 Techniques to determine post-translational modifications 
3.2.9.1 Pro-Q® Diamond phosphoprotein gel stain 
Pro-Q Diamond stain was employed to study the possible phosphorylation of 
the Delta class of GSTs as per the manufacturer‘s protocol. The stain allows 
detection of 1-16 ng of phosphoprotein per band or spot depending on the 
phosphorylation state of the protein. This stain can be used for 1D SDS-PAGE gels 
or 2D gels and it is fully compatible with mass spectrometry. 
The PeppermintStick
TM
 phosphoprotein molecular weight standard was run 
alongside the sample on the gel. This phosphoprotein-specific standard contains a 
mixture of phosphorylated and nonphosphorylated proteins ranging from 14,400 to 
116,250 Da. Separation by SDS PAGE resolves two phosphorylated and four 
nonphosphorylated proteins which serve as the control. For loading on minigels (8 
cm x 10 cm), 1µl of standard was mixed with 6 µl of SDS gel loading buffer. After 
finishing the electrophoresis, the gels were transferred into 100 ml of fixing solution 
(50% (v/v) methanol, 10% (v/v) acetic acid, in ultra pure water) and incubated at 
room temperature with gentle agitation for 30 minutes. This fixation step was 
repeated twice to ensure removal of SDS from the gel. Sometimes, the gel was left in 
the fixing solution overnight.  The fixing solution was then discarded and the gels 
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were washed three times with ultra pure water for 30 minutes. It is important to 
completely remove the methanol and acetic acid from the gel as residues of these 
interfere with the Pro-Q Diamond phosphoprotein stain. After washing, the gel was 
incubated in 60 ml of Pro-Q Diamond phosphoprotein gel stain (supplied in the kit) 
with gentle agitation in the dark for 60-90 minutes. Destaining was carried out by 
immersing the gel in destain solution (20% (v/v) acetonitrile, 50 mM sodium acetate, 
pH 4.0 in ultrapure water) for 30 minutes with gentle agitation in the dark. This step 
was repeated two more times. Destaining is important to reduce the gel background 
signal. Finally, the gel was washed twice with deionised water for 5 minutes each 
wash. According to manufacturer‘s manual, the Pro-Q Diamond stain works well in 
conjunction with SYPRO Ruby protein gel stain. 
3.2.9.2   SYPRO® Ruby protein gel stain 
SYPRO
®
 Ruby protein gel stain is a fluorescent stain used for the detection 
of proteins in 1D and 2 D gels. It was used mostly as a post-stain in this study. As the 
gel was previously fixed in Pro-Q Diamond staining, it was directly incubated in 60 
ml of SYPRO Ruby gel stain. The gel was left in the stain overnight, with gentle 
agitation, in the dark. The next day the gel was transferred to a clean container and 
washed in 100 ml of wash solution (10% methanol, 7% acetic acid in ultra pure 
water) for 30 minutes. Before imaging, the gel was rinsed in ultra pure water twice 
for at least 5 minutes each. 
3.2.9.3   Fluorescent gel scanning 
The scanning of fluorescent gels was conducted using the Fujifilm FLA-5100 
imaging system. For phosphopeptide detection, images were generated using a laser 
wavelength of 532 nm and a LPG/0575 emission filter. The SYPRO Ruby stained 
gel images were scanned using a laser wavelength of 473 nm and a BPG1/570DF20 
  72 
emission filter. All gels were scanned at 50 µm resolution and recorded as 16 bit 
TIFF files. While scanning an individual gel the other gels were stored at room 
temperature in darkness. The generated TIFF files were converted into image GEL 
files using the ImageQuant
TM
 software. The fluorescence intensity of the Pro-Q 
Diamond signal and SYPRO Ruby signal in the gel was measured and ratiometric 
analysis (Diamond /Ruby) was performed for the standard proteins in the marker as 
well as the proteins of interest. The ratio should be higher for phosphoproteins (e.g., 
~8.0) compared to non-phosphorylated proteins (e.g., ~0.05) according to the 
manual. 
3.2.10   Enrichment strategies for phosphopeptide analysis 
The procedure involved five steps: First the trypsin-digested dried peptides 
were re-suspended in 5 µl of 0.1% acetic acid or 0.01% formic acid. Secondly, 
ZipTipMC tips were charged and equilibrated. For this the tips were washed three 
times with 10 µl of wash solution I (0.1% acetic acid). Then the tips were charged by 
10 aspirate and dispense cycles with 10 µl of metal solution (100 mM cupric 
sulphate). Charged tips were washed five times with 10 µl deionised water and wash 
solution II (0.1% acetic acid with 50% ACN) subsequently. This step was to remove 
the unbound metal ions from the column. The tips were finally equilibrated with the 
binding solution (0.1% acetic acid with 10% ACN) by 3-5 aspirate and dispense 
cycles. The third step involved binding the peptides to the column. The sample was 
diluted with 2 µl of the binding solution to ensure an acidic pH. The sample (5-10 µl) 
was bound to the tip by aspirating and dispensing 5-10 times. The tip was then 
washed with 10 µl each of wash solution II and deionised water three times. The 
fourth step involved the elution of phosphopeptides. The eluent (2 µl, 0.3 N 
ammonium hydroxide solution) was aspirated and dispensed through the Zip Tip 4 to 
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6 times. Finally, the eluted phosphopeptides in the eluent were immediately 
neutralized by 1 µl of 2% TFA. These neutralised phosphopeptides (2 µl) were then 
mixed with CHCA matrix (2 µl) and spotted on the MALDI plate. MALDI spectra 
were obtained and manual inspection was carried out to track phosphopeptides. 
 
3.2.11    Tandem mass spectrometry  
 
3.2.11.1   Sample preparation for LC-MS/MS analysis 
The tandem MS spectra were obtained using LC-MS/MS for the Delta 1 GST 
spots which appear to have been modified. To prepare the sample, the Delta GST 
spots from the 2D gel were excised, destained and digested with trypsin as described 
previously. Finally the extracted peptide mixture was dried in a Speed-Vac. The 
dried peptides were resuspended in 10 μl 0.25% TFA. The ZipTipTM C18 tip 
(Millipore Corporation, USA) was washed thrice with 10 μl of 100% acetonitrile and 
then with 10 μl ACN: 0.5% (v/v) aqueous TFA (1:1) and lastly with 10 μl of 0.25% 
aqueous TFA. The sample was drawn up and down in the Zip-Tip several times. The 
liquid was then discarded. At this point the sample was bound to the C18 surface in 
the Zip-Tip. The Zip-Tip was washed again with 10 μl of 0.25% TFA three times. 
The sample was eluted in 5 μl of 0.1% formic acid in 70% (v/v) acetonitrile solution 
by aspirating 15 times. Sample eluent was stored at -20°C until analysis. 
3.2.11.2     LC-MS/MS analysis 
 
LC-MS/MS was carried out using a Dionex UltiMate
TM
 3000 LC system and 
a Thermo Finnigan LTQ mass spectrometer equipped with a nanospray ion source. 
Peptides were separated on a 75 μm × 15 cm PepMap C18 column (3 μm, 300 Å 
Dionex) at a constant flow rate of 200 nL/min using the gradient constructed from 
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0.1% formic acid in water (solvent A) and 0.1% formic acid in 80% ACN (solvent B): 
0-10% B for 10 min; 10-28% B for 60 min; 28-55% B for 20 min; 55-100% B for 15 
min; 100% B for 5 min. The LTQ was operated in data-dependent tandem MS mode 
where the 5 most abundant precursor ions detected in a single MS scan from m/z 400 
to m/z 2000 were dynamically selected for subsequent MS/MS scans with the 
collision energy set to 35%, simultaneously incorporating the dynamic exclusion 
option to prevent reacquisition of MS/MS spectra of the same peptides. This 
procedure was kindly performed by Dr. Lifeng Peng. 
 
3.2.11.3 PEAKS - de novo software 
The MS/MS spectra in RAW format were loaded on the software PEAKS. The 
parameters for the analysis of post-translational modification of Delta GST will be 
described in detail in Chapter 7. 
 
3.2.12   Statistical analysis 
 
All statistical analysis in this thesis was performed using SPSS 16.0 for 
Windows
®
 (SPSS, Chicago, IL, http://www.spss.com/). Where only two means were 
compared, Student‘s t-test was used to determine differences between means and 
their significance. 
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4 Purification and identification of GSTs from Drosophila 
melanogaster and Lucilia cuprina 
4.1  Introduction 
 
The aim of the work presented in this chapter was to purify the GSTs from D. 
melanogaster and L. cuprina using combinations of different affinity matrices and to 
characterise them based on model substrate specificity. This chapter also attempted 
to compare the GST proteome of both insects and to identify the purified GSTs from 
D. melanogaster, for which there is a genetic database, and from L. cuprina, which 
lacks a genetic database. The separation of the GST isoenzymes such as Sigma and 
Delta from partially purified affinity extracts was also carried out. 
Purification based on targetted affinity interactions offers high selectivity and 
quick purification of biomolecules (Chase, 1998; Wils et al., 1997). A good ligand 
offers increased adsorbent selectivity for the target relative to other proteins. Due to 
its high selectivity, affinity chromatography is a preferred tool in the isolation and 
purification of proteins (Narayanan and Crane, 1990). Affinity media might be used 
to achieve purification of GSTs in order to study their properties. Sequential use of 
different affinity media might allow isotype specific (or selective) isolation of GSTs 
in order to compare and contrast the properties of GSTs from different species. To 
fulfil the need for rapid, simple and efficient GST purification methods, a number of 
affinity matrices have been constructed. Glutathione, glutathione conjugates or 
compounds that are GST inhibitors but do not contain glutathione have been chosen 
as the affinity ligands. The ligands that have been used for purification of GSTs are 
BSP  (Wolkoff et al., 1979), BSP-GSH (Clark et al., 1977),
 
Cholic acid (Pattinson, 
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1981), GSH (Simons and Vanderjagt, 1977),
 
S-hexyl-GSH (Guthenberg and 
Mannervik, 1979),
 
S-octyl-GSH (Sugimoto et al., 1987) and thyroxine (Ishigaki et 
al., 1989). Indeed, GST isolation through affinity purification has become so reliable, 
GST fusion protein tags have been commonly used to purify recombinant proteins 
(Rebay and Fehon, 2009a; Rebay and Fehon, 2009b). 
Among several affinity matrices, glutathione coupled to Sepharose has been 
widely used (Clark et al., 1977; Simons and Vanderjagt, 1977). Enzymes bound 
selectively to the matrices can be then eluted by GSH (Clark et al., 1977). In 
mammals it is well known that different classes of GST have differing preferences 
for different substrates (Mannervik, 1985), therefore they will tend to produce 
different conjugates. The question is posed, if one type of conjugate is bound to a 
matrix, would it have a preference for a specific class of enzyme? As CDNB and 
DCNB are the most common substrates used for the detection of GST activity due to 
their remarkably different activities with different isoforms (Habig and Jakoby, 
1981), the matrices prepared by linking the GSH conjugate of CDNB or DCNB to 
Sepharose (DNP-GSH matrix or CNP-GSH matrix respectively) should be useful for 
the separation of GSTs that do not bind to a GSH matrix (Clark, personal 
communication). Literature suggests that very few people have used the DNP-GSH 
matrix as an affinity support. Awasthi et al. has used it for the purification of DNP-
GS ATPase (Awasthi et al., 1998) and Grant and Matsumura have purified GSTs 
from resistant larvae of Aedes aegypti (Grant and Matsumura, 1989) however, so far, 
the  use of CNP-GSH matrix for the purification of GSTs has not been reported. The 
present study explores for the first time the possibility of using CNP-GSH affinity 
matrix for GST purification in addition to DNP-GSH affinity matrix.  
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The literature shows that multiple forms of GSTs with different isoelectric 
points have also been isolated using isoelectrofocusing (Clark et al., 1986; Clark et 
al., 1973) or chromatofocusing (Keeran and Lee, 1987). Purification by affinity 
chromatography followed by isoelectricfocusing also revealed the existence of 
multiple forms of GSTs (Clark and Dauterman, 1982) in the housefly strains Rutgers, 
Cornell R and Hirokawa. The expression of multiple isoenzymes of GSTs has also 
been reported in other species like Aedes aegypti (Grant et al., 1991), Galleria 
mellonella (Baker et al., 1994), Plutella xylostella (Chiang and Sun, 1993), Tenebrio 
molitor (Kostaropoulos et al., 1996) and Drosophila  melanogaster (Alias and Clark, 
2007). 
Insect genomes contain diverse GST genes, the products of which share 
functionality with those present in lower and higher animals (Enayati et al., 2005). 
The complexity of GST genes found within an insect species is best exemplified by 
the genomes of D. melanogaster (Toung et al., 1993; Tu and Akgul, 2005), A. 
gambiae (Ranson and Hemingway, 2005; Ranson et al., 2001), M. domestica 
(Fournier et al., 1992; Zhou and Syvanen, 1997) and honey bee (Corona and 
Robinson, 2006) which are characterised by multigene GST families. Though the 
GSTs from both D. melanogaster and L. cuprina have been studied in the present 
work, the main focus is on L. cuprina GSTs. D. melanogaster is not a major crop 
pest or a primary target for commercial application of insecticides whereas L. 
cuprina, being an ecto-parasite of sheep, is exposed to insecticides and has been 
reported to have developed resistance against a number of organophosphate 
pesticides as described in section 1.7. Thus, the present work is designed to probe the 
role of GSTs in resistance in L. cuprina. The DNA microarrays provide an important 
means to assess the impact of xenobiotic exposure on cytochrome P450, esterase and 
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GST gene expression (Belleville et al., 2004; David et al., 2005; Kitagawa et al., 
2002; Le Goff et al., 2003; Le Goff et al., 2006; Vontas et al., 2007) however, the 
creation of microarrays requires detailed knowledge of the genome. Further, 
alterations in biochemical pathways due to post-transcriptional modification, 
translational control and modification of gene products may go undetected. In 
contrast, proteomics can reveal changes at the level of protein production that do not 
rely solely on mRNA expression. We have therefore chosen to use a proteomic 
approach for the study of GSTs from L. cuprina using the D. melanogaster proteome 
as a model. As described in the general introduction section 1.4.1, insect GSTs have 
been shown to be active toward numerous electrophilic xenobiotics including 
halogenated compounds (e.g., CDNB), nitro compounds (e.g., p-nitrophenyl acetate), 
α, β-unsaturated carbonyl compounds (e.g., trans-4-phenyl-3-buten-2-one), 
isothiocyanates (e.g., allyl isothiocyanate), organothiocyanates (e.g., 
benzylthiocyanate), oxides (e.g., styrene oxide), organophosphates (e.g., diazinon), 
and organic hydroperoxides (cumene hydroperoxide) (Yu, 1996). However, very 
little is known about substrate specificity of individual GST isozymes in insects. This 
knowledge is very important for understanding the molecular mechanisms of 
detoxification in insects. Therefore, in addition to developing methods to purify and 
identify GSTs, the purpose of this chapter was also to study the substrate specificity 
of various GST isozymes isolated from L. cuprina and D. melanogaster using model 
substrates such as CDNB, DCNB, NPA, TNE, DHA, EA and PBO. The purification 
and characterization methodology described in this chapter will be applied in 
chapters 5 and 6, which describe changing profiles of GST isolates during 
development of L. cuprina, in different body parts of the adult fly and in susceptible 
and resistant strains of L. cuprina.  
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4.1.1 Drosophila melanogaster as a model insect 
 
The fruitfly, D. melanogaster has been a general testing ground for genetic 
concepts and techniques that have applications for both vector biology and pest 
control. (Foster et al., 1981) reported the possible homologies of chromosomes and 
genetic maps of D. melanogaster with other dipteran insects including L. cuprina.  
These chromosomal homology studies help to predict the location of the gene of 
interest in other insects based on D. melanogaster information. The D. melanogaster 
genome sequence (Adams et al., 2000), including the annotation and prediction of 
protein sequences (Misra et al., 2002) has also enabled studies of the fruitfly‘s 
proteome and comparison with other insects. Comparison of the genomes and 
proteomes of the two diptera Anopheles gambiae and Drosophila melanogaster 
revealed considerable similarities and numerous differences (Zdobnov et al., 2002). 
Almost half of the genes in both genomes were interpreted as orthologs and showed 
an average sequence identity of about 56%. D. melanogaster proteome analysis 
offers unique possibilities for studying the function of individual molecules and 
protein classes and their role in innate immunity (Engstrom et al., 2004). The 
reference proteome map of reproductive organs of D. melanogaster has been 
constructed for the comprehensive understanding of D. melanogaster reproduction to 
use it as a model to study insect reproductive biology (Takemori and Yamamoto, 
2009). The response of the GST proteome of adult D. melanogaster to chemical 
challenge has also been studied (Alias and Clark, 2007; Alias and Clark, 2010). 
Recently, the potential for atrazine to affect insecticide susceptibility and the activity 
of detoxification enzymes in D. melanogaster has been studied using proteomic 
analysis (Thornton et al., 2010). Thus these studies provide valuable information for 
the study of insecticide resistance in other insects. In the present study, D. 
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melanogaster is well suited as a model insect as D. melanogaster and L. cuprina both 
belong to the same class, order and suborder. 
 
 
 
 
 
 
 
 
           (Fallén, 1823)                          (Wiedemann, 1830) 
 
The complete genomic database for D. melanogaster is reported to include 39 
GST genes (http://flybase.org/) which makes the identification of GST isoenzymes in 
D. melanogaster straightforward. L. cuprina, however, has limited GST gene 
information. The only known L. cuprina Theta GST has been reclassified as a 
member of the Delta class (Board et al., 1997) and its sequence enabled the 
confirmed identification of L. cuprina Delta GSTs in the present study. Previous 
work at our laboratory suggested that the GSH-affinity eluents of both D. 
melanogaster and L. cuprina yield quite similar classes of GST isoenzymes 
identified on 2D gels (Alias and Clark, 2007). In the present study, the Drosophila 
melanogaster database, version dated 11/12/2007 has been used to characterise GSTs 
expressed in L. cuprina. No doubt, there must be dis-similarities between these two 
insect GST proteomes, so this chapter also deals with comparative analysis 
throughout. To support further the tentative identification of L. cuprina GSTs, the 
matched L. cuprina GST peptide sequences have been aligned with consensus GST 
D. melanogaster 
Kingdom: Animalia 
Phylum: Arthropoda 
Class: Insecta 
Order: Diptera 
Suborder: Brachycera 
Family: Drosophilidae 
Genus: Drosophila 
L. cuprina 
Kingdom: Animalia 
Phylum: Arthropoda 
Class: Insecta 
Order: Diptera 
Suborder: Brachycera 
Family: Calliphoridae 
Genus: Lucilia 
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sequences from the other metazoa species using the ClustalW2 alignment 
programme, an approach which is described later in this section. 
 
4.2 Objectives: 
 To establish effective affinity purification techniques to isolate as many 
classes of GSTs as possible from D.  melanogaster and L. cuprina 
 To compare the GST proteome of D. melanogaster  and L. cuprina 
 To characterise L. cuprina GSTs tentatively in the absence of a specific 
genetic database by developing a consensus sequence-based approach 
 To separate Sigma and Delta GSTs by chromatofocusing or ion exchange 
chromatography in order to study their substrate specificities 
4.3 Results 
4.3.1 Similarity of L. cuprina Delta GST with D. melanogaster GSTs 
To find out the percentage similarities or identities of the GSTs between these 
two species, ClustalW2 alignment programmes (www.ebi.ac.uk/clustalW2) and a 
BLAST, similarity search proteomic tool available at ExPASy (proteomic server 
http://www.expasy.ch/tools/blast) were used. The sequence alignment of L. cuprina 
Delta GST against the D. melanogaster database clearly showed its similarity with 
D. melanogaster Delta GSTs. L. cuprina Delta GST sequence obtained from UniProt 
(http://www.uniprot.org/uniprot/P42860) was aligned with all D. melanogaster GST 
sequences using ClustalW2 and the result is shown in the form of a phylogenetic tree 
in Figure 4-1. The result of matching L. cuprina Delta GST against the D. 
melanogaster Delta GST sequence using BLAST found it to be 83% identical to 
DmGSTD1 (Figure 4-2).  
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Figure 4-1: Phylogenetic relation of L. cuprina Delta GST with D. melanogaster GSTs. 
Phylogenetic tree demonstrating the relationships of the L. cuprina Delta GST to D. 
melanogaster GSTs. Amino acid sequences were aligned using ClustalW2 and an average 
distance tree was generated using BLOSUM62 in Jalview.  
Dm = D. melanogaster, LUCCU = L. cuprina. The accession numbers of proteins are as per 
UniProtKB (http://www.uniprot.org/uniprot/). 
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sp P20432 
GSTT1_DROME 
Glutathione S-transferase 1-1 (EC 2.5.1.18) (GST 
class-theta)[GstD1] [Drosophila melanogaster (Fruit 
fly)] 
209 
AA  
 
Score =  369 bits (947), Expect = e-102 
Identities = 172/207 (83%), Positives = 192/207 (92%) 
 
 
Luc.T1: 1   MDFYYLPGSAPCRSVLMTAKALGIELNKKLLNLQAGEHLKPEFLKINPQHTIPTLVDGDF 60 
            +DFYYLPGS+PCRSV+MTAKA+G+ELNKKLLNLQAGEHLKPEFLKINPQHTIPTLVD  F 
DmGST1: 2   VDFYYLPGSSPCRSVIMTAKAVGVELNKKLLNLQAGEHLKPEFLKINPQHTIPTLVDNGF 61 
 
Luc.T1: 61  ALWESRAIMVYLVEKYGKNDSLFPKCPKKRAVINQRLYFDMGTLYKSFADYYYPQIFAKA 120 
            ALWESRAI VYLVEKYGK DSL+PKCPKKRAVINQRLYFDMGTLY+SFA+YYYPQ+FAKA 
DmGST1: 62  ALWESRAIQVYLVEKYGKTDSLYPKCPKKRAVINQRLYFDMGTLYQSFANYYYPQVFAKA 121 
 
Luc.T1: 121 PADPELYKKMEAAFDFLNTFLEGHQYVAGDSLTVADLALLASVSTFEVAGFDFSKYANVA 180 
            PADPE +KK+EAAF+FLNTFLEG  Y AGDSLTVAD+AL+A+VSTFEVA F+ SKYANV  
DmGST1: 122 PADPEAFKKIEAAFEFLNTFLEGQDYAAGDSLTVADIALVATVSTFEVAKFEISKYANVN 181 
 
Luc.T1: 181 KWYANAKTVAPGFDENWEGCLEFKKFF 207 
            +WY NAK V PG++ENW GCLEFKK+F 
DmGST1: 182 RWYENAKKVTPGWEENWAGCLEFKKYF 208 
 
Figure 4-2: The BLAST result of alignment of GST sequence of D. melanogaster and L. 
cuprina. 
The L. cuprina Delta GST (Luc.T1) sequence was entered into BLAST which was used to 
search for similarity against the D. melanogaster database. The result shows the alignment of 
the sequences and BLAST statistics for the highest similarity of L. cuprina Delta GST to D. 
melanogaster Delta GST1. 
 
The close identity of the L. cuprina and D. melanogaster sequences provides 
confidence that matching peptides between orthologous sequences, a key technique 
used in 4.3.3 will provide reliable results. 
4.3.2 Purification of GSTs 
Initially the GSTs were purified using a desalting column (G-75 Sephadex) 
(not de-pigmenting using HiTrap desalting column) and affinity chromatography on 
glutathione affinity matrix as described in section 3.2.2.2. In order to get effective 
purification of GSTs, three different GSH matrices were tested. Two GSH-Sepharose 
6B matrices were prepared with GSH substitution of 10 μmol/ml and 37.5 μmol/ml 
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(highly substituted, gift from Dr. Alan Clark). The third matrix was the commercially 
available GSTrap column with  GSH substitution of approximately 7-15 µmol/ml. 
For this initial preparation, 9 g of L. cuprina (PY81 strain) flies were homogenised in 
100 ml of homogenisation buffer, centrifuged and desalted using a G-75 Sephadex (5 
x 26 cm, 500 ml) column. Out of this, 30 ml of sample was applied to each of these 
three matrices and  bound proteins were eluted with 20 mM glutathione in 0.05 M 
phosphate buffer, pH 9.6 using FPLC. It was observed repeatedly in several 
experiments that a significant proportion of the CDNB activity was not retained by 
any of these GSH affinity matrices. However, considerable differences were 
observed in GST activity between affinity eluents of each (Table 4-1). 
 
Table 4-1: Purification of GSTs from L. cuprina by three different GSH matrices. 
The calculation of % yield and fold purification was made considering actual volume of 
application on each column. Values are mean ± SD taken from three independent 
experiments with triplicate measurements within each experiment. 
Procedure Total protein 
(mg) 
  Total activity 
   (μmol/min) 
    CDNB 
Specific activity 
( μmol/min /mg) 
CDNB 
Yield 
(%) 
Purification 
(fold) 
Crude 275 ± 21 43.0 ± 1.5 0.156 ± 0.02 100 1 
Desalted extract 270 ± 10 42.0 ± 2.0 0.155 ± 0.01 97 0.99 
 
The desalted extract was divided into three equal portions (30 ml) and applied individually on each 
column 
Actual application 85.0 ± 3.50 13.0 ± 0.70 0.153 ± 0.02 100 1 
GSH 10 μmol 
Unbound 60.0 ± 2.50 8.30 ± 2.70 0.138 ± 0.01 64 0.90 
Bound 0.60 ± 0.20 3.20 ± 1.00 5.333 ± 1.00 24 34.8 
GSTrap 7-15 μmol 
Unbound 70.0 ± 1.00 9.60 ± 0.20 0.137 ± 0.002 74 0.89 
Bound 0.40 ± 0.02 5.20 ± 1.50 13.80 ± 4.05 40 90.2 
GSH 37.5 μmol 
Unbound 60.0 ± 3.50 8.60 ± 4.30 0.143 ± 0.03 66 0.93 
Bound 0.50 ± 0.18 3.20 ± 0.50 6.400 ± 3.00 25 41.8 
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The specific activity of the GSTs purified by the GSTrap column was the 
highest (13.8 ± 4.0) compared to the others. The fold purification (90.2) and % yield 
(40) was higher than with the lab-made GSH columns. It may be that the long linker 
arm (C12) of GSTrap column gives easier access of the GSTs to the ligand. It was 
expected to recover higher GST activity in the affinity eluents of the 37.5 μmol GSH 
matrix due to its higher substitution, however there was not much difference in the 
% yield and fold purification between the laboratory-made matrices.  
The affinity-purified fractions of all the matrices contained at least two 
proteins detectable by SDS-PAGE. These proteins have M.W. values of 
approximately 30,000 Da and 23,000 Da and were identified as Sigma and Delta 
GSTs on a 2D gel respectively by MALDI-TOF as described later. GSTs from the 
GSH 10 μmol/ml affinity eluents showed many faint bands and an additional band 
was also observed in the GSTrap affinity eluents which has not been identified by 
MALDI-TOF in the present study.  
 
Figure 4-3: SDS PAGE gels of different GSH affinity-purified GSTs from L. cuprina.  
(A) GSH 10 μmol/ml, (B) GSTrap 7-15 μmol/ml and (C) GSH 37.5 μmol/ml; Lanes 1, 2 
and 3 show purified GSTs in all three corresponding figures. The protein M.W. marker was 
run along the sample. The gels were stained with Coomassie Brilliant Blue G-250. 
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Whilst the 10 μmol/ml GSH affinity matrix isolated a number of bands 
within the region 23-30 kDa with L. cuprina, the D. melanogaster gel produced only 
two clear bands of approximate M.W. 32 kDa and 23 kDa (Figure 4-4). 
      
1 2 3 4
D. melanogaster L. cuprina
 
Figure 4-4: SDS PAGE gel of GSH (10 μmol/ml) affinity-purified GSTs from D. 
melanogaster and L. cuprina.   
A) D. melanogaster: Lane 1-unbound fractions of GSH affinity matrix; Lane 2- 
bound/purified GSTs. B) L. cuprina: Lane3- unbound fractions of GSH affinity matrix; Lane 
4- bound/purified GSTs. The protein M.W. marker was run along the sample. The gels were 
stained with Coomassie Brilliant Blue G-250. 
 
When these purified concentrated fractions were resolved by 2D 
electrophoresis, the resulting gel was however quite similar to the D. melanogaster 
2D gel (see section 4.3.3). This 1D result was confirmed by repeating the same 
experiment more than six times. To verify further this difference, all the available 
batches of the L. cuprina in the lab at the time were subjected to the GSH affinity 
chromatography and purified GSTs were resolved by SDS PAGE. 
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Figure 4-5: SDS PAGE gel of GSH affinity-purified GSTs from different batches and strains 
of L. cuprina and D. melanogaster. 
Lane M is M.W. marker. Lanes 1-5 are of PY81 resistant strain of L. cuprina. Lanes 6 and 7 
are of susceptible strains of L. cuprina (CSIRO and NSW strain respectively). Lane 1, Flies 
bred on 15th Feb 2008; Lane 2, Flies bred on 1st April 2008; Lane 3, Flies bred on 6th May 
2008; Lane 4, Flies bred on 31st July 2008; Lane 5, Flies bred on 6th November 2007; Lane 
6, Flies bred on 5th Feb 2008; Lane 7, Flies bred on 20th October 2008 and Lane 8, D. 
melanogaster. The gel was stained with Coomassie Brilliant Blue G-250. 
 
There were remarkable differences in purified GSTs from different batches 
of L. cuprina flies which were bred in the insectary. The bands with approx. M.W. 
30-32 kDa and 23 kDa were identified as Sigma and Delta class of GST respectively 
by MALDI-TOF analysis. The molecular weight of the D. melanogaster Sigma and 
Delta class of GST appear to be slightly higher than the L. cuprina GSTs. There are 
other faint bands present in lanes 5-7, which also fall in the size range to that 
expected for GSTs. There is a noticeable difference in the insecticide susceptible 
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strains (CSIRO and NSW, lane 6 and 7 respectively in Figure 4-5). It is still not 
confirmed what caused this change in the GST expression pattern between the 
batches. It is possible that the protein diet given at that time contributed to this, 
hence another experiment was carried out by processing only sugar fed flies of 
different strains of L. cuprina in similar way.  
               
Figure 4-6: SDS PAGE gel of GSH affinity-purified GSTs from different sugar-fed strains of 
L. cuprina.  
Lane M is M.W. marker. Lane 1 and 2 are of PY81 insecticide resistant strain of L. cuprina. 
Lane 3 and 4 are of susceptible strains of L. cuprina (NSW and CSIRO respectively). All 
flies were sugar-fed and bred in 2009. 
 
  The experiment did not show the remarkable different pattern of expression 
of GSTs in NSW and CSIRO (lane 3 and 4 respectively, Figure 4-6) found in 
previous experiments (lane 7 and 6 respectively, Figure 4-5). Some very faint bands 
were visible in lane 3 (Figure 4-6) but not as in lane 7 (Figure 4-5). There are only 
two major bands corresponding to Sigma (30-32 kDa) and Delta (23 kDa) GSTs in 
all three strains. The diet may clearly be a factor but the exact reasons for the 
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differences in Figure 4-5 are not known. Therefore, to avoid any ambiguity, only 
sugar fed flies have been used in the present study. Further, to check whether there 
might have been an effect of storage temperature, the GSTs were purified from the 
flies kept at room temperature overnight and compared with those from -20°C. 
There was no difference found on separation of GSTs on a 1D gel.  
 
A significant proportion of GSTs from the different strains of L. cuprina and 
D. melanogaster failed to bind to any of the GSH matrices employed. Lanes 1 and 3 
in Figure 4-4 showing the unbound fractions of D. melanogaster and L. cuprina 
respectively contained many proteins, so it was not possible to detect the presence of 
GSTs on a gel based on M.W. Moreover, the unbound direct flow-through fractions 
from the glutathione matrix gave a higher total activity with DCNB compared with 
those eluted with GSH (Table 4-2). Therefore, the possibility of purifying the 
unbound material on other affinity matrices such as DNP-GSH or CNP-GSH matrix 
was explored. The extent of substitution was calculated to be 9.55 µmol/ml of gel for 
DNP-GSH and 9.65 µmol/ml of gel for CNP-GSH matrix. The general workflow of 
the strategies for the purification and identification of GSTs used in this study is 
shown in Figure 4-7. 
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Table 4-2: Comparative DCNB activity with D. melanogaster and L. cuprina unbound and 
bound GSH affinity eluents. 
GSTs from D. melanogaster and L. cuprina were partially purified by GSH affinity matrix 
(10 µmol/ ml). Unbound fractions from the GSH matrix with significant GST activity 
towards CDNB were pooled and GST activity towards DCNB was measured. Values are 
means ± S.D. taken from three independent experiments with triplicate measurements within 
each experiment. 
 
 
 
 
 
 
 
 
 
Procedure Total protein 
(mg) 
  Total activity 
   (μmol/min) 
      DCNB 
Specific activity 
( μmol/min /mg) 
        DCNB 
D. melanogaster 
 
Unbound fractions 52.5 ± 0.70 0.18 ± 0.001 0.003 ± 5.0 x 10-05 
Bound  fractions 0.80 ± 0.03 0.06 ± 0.008 0.075 ± 3.0 x 10-03 
    
L. cuprina 
 
Unbound fractions 60.0 ± 0.50 0.40 ± 0.01 0.006 ± 2.0 x 10-04 
Bound  fractions 0.70 ± 0.02 0.08 ± 0.03 0.114 ± 1.0 x 10-02 
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Figure 4-7: Schematic workflow of strategies for the purification and identification of GSTs used 
in this study. 
 
 
 
  92 
GSH matrix  
 
 
 
 
DNP-GSH matrix  
 
 
Figure 4-8:  Typical chromatography elution profiles for partial purification of D. 
melanogaster and L. cuprina GSTs by manual sequential affinity chromatography. 
The de-pigmented extract was initially purified using the GSH matrix (A) and unbound 
fractions from the GSH matrix were pooled and subsequently applied to DNP-GSH (B) for 
further purification of GSTs. The elution profile for CNP-GSH matrix was similar to DNP-
GSH matrix. The initial peak obtained by 0.05 M phosphate buffer, pH 7.4 constitutes the 
unbound fractions, 1M NaCl was used to remove binding of non-specific proteins and the 
bound GSTs were eluted by 20 mM GSH with or without gradient. 
 
 
A 
B 
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Figure 4-9: Typical elution chromatograms for the purification method of GSTs using FPLC.   
(A) FPLC chromatogram with the UV absorbance of sample applied, conductivity of buffer, concentration of GSH, pH of buffer, flow rate and temperature of 
the experiment automatically recorded by the ÄKTA FPLC. (B) The CDNB activity of the different fractions is plotted on a FPLC chromatogram to see the 
correlation of activity with the unbound and bound fractions. 
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The crude extract of 4-6 g of D. melanogaster was de-pigmented and applied 
to the GSH column as described in section 3.2.2.2. 1 M NaCl was used to remove 
non-specifically bound proteins from the column. Bound GSTs were eluted with 20 
mM GSH, pH 9.6 as shown in Figure 4-8 and Figure 4-9. The unbound fractions 
containing significant GST activity were pooled and divided into two portions. One 
half was subjected to DNP-GSH chromatography and the other half was applied to 
the CNP-GSH matrix for further possible purification. The elution of GSTs was 
carried out with 20 mM glutathione.  
Table 4-3: Glutathione S-transferase activity of D. melanogaster. 
 GSTs of D. melanogaster were partially purified using GSH matrix. Unbound fractions 
from GSH matrix with significant GST activity were pooled and applied to either DNP-GSH 
or CNP-GSH affinity matrix for further possible purification of GSTs. Activities were 
determined in triplicate of three experiments. Results are presented as mean ± S.D. 
Procedure Total protein 
(mg) 
Total activity 
(μmol/min) 
CDNB 
Specific 
activity 
( μmol/min /mg) 
CDNB 
Yield 
(%) 
Purification 
(fold) 
Crude 95.0 ± 7.5 22.1 ± 6.6 0.23 ± 0.04 100 1 
De-pigmented 92.0 ± 9.0 20.8 ± 6.4 0.22 ± 0.04 94 0.95 
GSH matrix 
Unbound  82.5 ± 10 9.82 ± 3.5 0.12 ± 0.02 44 0.52 
Bound  0.50 ± 0.3 9.61 ± 4.2 19.2 ± 4.51 43 83.5 
The unbound fractions of GSH matrix were divided into two equal portions and applied individually to 
each column 
Actual 
application 
41.0 ± 5.0 5.00 ± 1.7 0.12 ± 0.02 100 1 
DNP-GSH matrix 
Unbound  34.0 ± 10 2.00 ± 0.9 0.06 ± 0.02 40 0.51 
Bound  0.32 ± 0.2 1.80 ± 1.2 5.62 ± 3.19 36 46.8 
CNP-GSH matrix 
Unbound  32.5 ± 8.0 1.50 ± 0.5 0.05 ± 0.02 30 0.42 
Bound  0.35 ± 0.2 1.30 ± 0.4 3.71 ± 2.50 26 31.0 
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It was of note that the DNP-GSH and CNP-GSH matrices, when used 
subsequent to the GSH column, retained GSTs which had not previously bound to 
the GSH matrix and were seen in the affinity eluents from these matrices. The 
percentage recovery of the GST activity with CDNB was quite similar in both the 
matrices but the fold purification was slightly higher with the DNP-GSH matrix. The 
same experiment was performed using adult L. cuprina instead of D. melanogaster. 
Results are shown in Table 4-4. 
Table 4-4: Glutathione S-transferase activity of L. cuprina. 
GSTs of L. cuprina were partially purified using the GSH matrix. Unbound fractions from 
the GSH matrix with significant GST activity were then pooled, concentrated and applied to 
either DNP-GSH or CNP-GSH affinity matrix for further possible purification of GSTs. 
Activities were determined in triplicate of three experiments. Results are presented as mean 
± S.D. 
Procedure Total protein 
(mg) 
  Total activity 
   (μmol/min) 
    CDNB 
Specific activity 
(μmol/min /mg) 
CDNB 
Yield 
(%) 
Purification  
(fold) 
Crude 100.5 ± 3.0 13.8 ± 0.2 0.138 ± 0.002 100 1 
De-pigmented 96.0 ± 6.5 12.7 ± 1.4 0.132 ± 0.023 92 0.95 
 
GSH matrix 
Unbound 64.0 ± 11 6.00 ± 3.7 0.093 ± 0.04 43 0.67 
Bound 0.65 ± 0.2 7.00 ± 1.2 10.76 ± 4.67 51 77.9 
      
The void fractions of GSH matrix were divided into two equal portions and applied individually to each 
column 
Actual application 32.0 ± 5.5 3.00 ± 1.9 0.093 ± 0.04 100 1 
      
DNP-GSH matrix 
Unbound 27.0 ± 0.4 1.40 ± 0.5 0.051 ± 0.02 46 0.54 
Bound 0.34 ± 0.2 1.20 ± 0.6 3.529 ± 0.09 40 37.9 
 
CNP-GSH matrix 
Unbound 31.5 ± 2.00 1.70 ± 0.7 0.054 ± 0.02 56 0.58 
Bound 0.44 ± 0.01 1.30 ± 0.3 2.954 ± 0.77 43 31.7 
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The results show that the DNP-GSH matrix and CNP-GSH matrix showed a similar 
degree of purification in L. cuprina again slightly higher in DNP-GSH matrix. There 
was not much difference in the 1D and 2D gels of affinity preparations from both 
these matrices which means that the identity and number of GSTs captured by each 
of these matrices were also quite similar (Figure 4-10 and Figure 4-20). These 
matrices have a tendency to bind non-GST proteins as well (Figure 4-10). All further 
purification was carried out by using the DNP-GSH matrix as it is easier to prepare.            
  
 
Figure 4-10: SDS PAGE gels of DNP-GSH and CNP-GSH affinity-purified GSTs from D. 
melanogaster (A) and L. cuprina PY81 strain (B).   
Lane 1 and 3 - Proteins purified from fractions not bound to the GSH matrix by DNP-GSH 
matrix; Lane 2 and 4 - proteins purified from fractions not bound to the GSH-Sepharose 
matrix by CNP-GSH matrix. The M.W. marker was run along the samples. The gels were 
stained with Coomassie Brilliant Blue G-250. 
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The  total and specific activities with a range of substrates of D. 
melanogaster (Table 4-5 and  Table 4-6) and L. cuprina (Table 4-7 and Table 4-8) 
bound and unbound fractions from each matrix are shown. The total activities of the 
unbound fractions from the GSH matrix with D. melanogaster extract were higher 
towards all the substrates employed except CDNB and EA compared to bound 
fractions (Figure 4-11) whereas in L. cuprina the unbound fractions from the GSH 
matrix had the highest activity with all the substrates employed (Figure 4-12). This 
indicates the presence of other classes of GST in the unbound fractions which were 
not adsorbed to GSH matrix. When these unbound fractions with significant activity 
were subsequently applied to DNP-GSH and CNP-GSH matrices, of the activities 
towards TNE, DCNB, NPA, EA and PBO only a fraction were retained by these 
columns. This again indicated need of further purification of GSTs. However, the 
specific activities of bound fractions from the GSH matrix were higher towards 
CDNB and TNE (Figure 4-13) compared to DNP-GSH or CNP-GSH affinity eluates 
in both insects. The specific activities towards the other substrates such as DCNB, 
NPA, DHA, EA and PBO were higher in DNP-GSH and CNP-GSH affinity-purified 
fractions than the GSH affinity-purified fractions from both insects. Some of total 
activities, particularly towards NPA, DHA , PBO, DCNB and  EA were still present 
in unbound fractions of DNP-GSH and CNP-GSH affinity matrices (Figure 4-11 and 
Figure 4-12). There is the likelihood that other classes of GSTs which were not 
adsorbed to GSH, DNP-GSH or CNP-GSH matrices might be present in those 
unbound fractions. 
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Figure 4-11: Comparison of substrate-specific total activities of unbound and bound fractions 
of D. melanogaster from different affinity matrices. 
The unbound fractions from the GSH matrix with significant activity towards CDNB were 
pooled and applied equally to DNP-GSH and CNP-GSH affinity matrices. Assays were 
undertaken following the methods in section 3.2.4. The values of % total activity are relative 
to crude enzyme activity measured in triplicates from three independent experiments. Error 
bars represent standard deviation. 
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Table 4-5: Substrate-specific total activities of GSTs from D. melanogaster.  
Unbound fractions from the GSH matrix were applied equally to DNP-GSH and CNP-GSH 
matrices. Assays were undertaken following the methods in section 3.2.4. Activities were 
determined in triplicate of three experiments. Results are presented as mean ± S.D. 
 
 
Table 4-6: Substrate-specific specific activities of GSTs from D. melanogaster. 
 Unbound activity from GSH matrix was applied equally to DNP-GSH and CNP-GSH 
matrices. Assays were undertaken following the methods in section 3.2.4. Activities were 
determined in triplicate of three experiments. Results are presented as mean ± S.D. 
Substrate Total activity  (μmol/min) 
 
Unbound 
GSH 
Bound 
GSH 
Unbound 
DNP-GSH 
Bound 
DNP-GSH 
Unbound 
CNP-GSH 
Bound 
CNP-GSH 
________________________________________________________________________________________________ 
CDNB 6.28 ± 0.102 11.82 ± 0.287 2.78 ± 1.768 1.28 ± 0.066 2.44 ± 0.13 1.07 ± 0.022 
DCNB 0.20 ± 0.098 0.08 ± 0.008 0.15 ± 0.013 0.04 ± 0.003 0.03 ± 0.004 0.04 ± 0.023 
NPA 10.01 ± 0.03 0.87 ± 0.326 6.60 ± 0.43 0.34 ± 0.024 5.60 ± 0.077 0.53 ± 0.183 
TNE 1.07 ± 0.05 0.059 ± 0.023 0.95 ± 0.966 0.07 ± 0.004 0.70 ± 0.007 0.064 ± 0.015 
DHA 13.41 ± 0.064 4.57 ± 0.315 5.31 ± 1.855 5.55 ± 0.168 6.19 ± 0.002 4.42 ± 0.150 
EA 7.24 ± 0.059 7.08 ± 0.574 8.33 ± 0.014 5.34 ± 0.406 9.38 ± 0.217 6.02 ± 0.001 
PBO 0.38 ± 0.003 0.07 ± 0.004 0.35 ± 0.008 0.053 ± 0.003 0.39 ± 0.007 0.063 ± 0.006 
Substrate Specific activity  (μmol/min/mg protein) 
 
Unbound 
GSH 
Bound 
GSH 
Unbound  
DNP-GSH 
Bound  
DNP-GSH 
Unbound  
CNP-GSH 
Bound  
CNP-GSH 
________________________________________________________________________________________________ 
CDNB 0.10 ± 0.002 38.5 ± 0.94 0.076 ± 0.02 14.2 ± 0.72 0.064 ± 0.004 12.0 ± 0.25 
DCNB 0.004 ± 0.002 0.26 ± 0.02 0.004 ± 0.002 0.42 ± 0.04 0.002 ± 0.001 0.45 ± 0.26 
NPA 0.15 ± 0.0002 2.83 ± 1.06 0.178 ± 0.04 3.80 ± 0.26 0.152 ± 0.004 6.00 ± 2.06 
TNE 0.016 ± 0.008 1.91 ± 0.07 0.02 ± 0.006 0.82 ± 0.04 0.02 ± 0.0002 0.64 ± 0.16 
DHA 0.21 ± 0.190 14.8 ± 1.03 0.23 ± 0.24 61.2 ± 14.8 0.264 ± 0.004 49.6 ± 1.70 
EA 0.11 ± 0.004 23.1 ± 1.87 0.494 ± 0.012 58.8 ± 4.50 0.40 ± 0.002 67.6 ± 0.01 
PBO 0.004 ± 0.002 0.24 ± 0.01 0.022 ± 0.002 0.55 ± 0.03 0.016 ± 0.002 0.63 ± 0.06 
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Figure 4-12: Comparison of substrate-specific total activities of unbound and bound fractions 
of L. cuprina from different affinity matrices. 
The unbound fractions from the GSH matrix with significant activity towards CDNB were 
pooled and applied equally to DNP-GSH and CNP-GSH affinity matrices. Assays were 
undertaken following the methods in section 3.2.4. The values of % total activity calculated 
relative to the value of crude enzyme measured in triplicates from three independent 
experiments. Error bars represent standard deviation. 
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Table 4-7: Substrate-specific total activity of GSTs from L. cuprina. 
 
Unbound activity from the GSH matrix was applied equally to DNP-GSH and CNP-GSH 
matrices. Assays were undertaken following the methods in section 3.2.4. Activities were 
determined in triplicate of three experiments. Results are presented as mean ± S.D. 
 
Table 4-8: Substrate-specific specific activity of GSTs from L. cuprina.  
Unbound activity from the GSH matrix was applied equally to DNP-GSH and CNP-GSH 
matrices. Assays were undertaken following the methods in section 3.2.4. Activities were 
determined in triplicate of three experiments. Results are presented as mean ± S.D. 
Substrate Total activity  (μmol/min) 
 
Unbound 
GSH 
Bound 
GSH 
Unbound  
DNP-GSH 
Bound  
DNP-GSH 
Unbound  
DNP-GSH 
Bound  
CNP-GSH 
_______________________________________________________________________________________________ 
CDNB 2.61 ± 0.105 1.83 ± 0.024 0.81 ± 0.024 1.01 ± 0.006 0.94 ± 0.071 1.06 ± 0.002 
DCNB 0.06 ± 0.002 0.02 ± 0.009 0.02 ± 0.001 0.03 ± 0.021 0.01 ± 0.001 0.02 ± 0.006 
NPA 3.25 ± 0.011 0.80 ± 0.139 1.18 ± 0.026 1.20 ± 0.124 1.03 ± 0.022 0.99 ± 0.023 
TNE 0.43 ± 0.003 0.12 ± 0.016 0.22 ± 0.003 0.02 ± 0.005 0.19 ± 0.007 0.03 ± 0.015 
DHA 12.72 ± 0.228 3.82 ± 0.164 5.54 ± 0.078 4.87 ± 0.459 4.39 ± 0.045 4.82 ± 0.318 
EA 9.06 ± 0.050 3.82 ± 0.305 7.59 ± 0.046 5.41 ± 0.178 6.91 ± 0.022 6.17 ± 0.851 
PBO 1.36 ± 0.058 0.05 ± 0.009 0.64 ± 0.024 0.03 ± 0.008 0.54 ± 0.050 0.04 ± 0.004 
Substrate Specific activity  (μmol/min/mg protein) 
 
Unbound 
GSH 
Bound 
GSH 
Unbound  
DNP-GSH 
Bound  
DNP-GSH 
Unbound  
DNP-GSH 
Bound  
CNP-GSH 
_______________________________________________________________________________________________ 
CDNB 0.1 ± 0.02 6.70 ± 0.1 0.07 ± 0.01 4.02 ± 0.1 0.07 ± 0.004 3.40 ± 0.64 
DCNB 0.004 ± 0.002 0.07 ± 0.03 0.002 ± 0.002 0.12 ± 0.08 0.002 ± 0.002 0.07 ± 0.02 
NPA 0.11 ± 0.01 2.94 ± 0.51 0.1  ± 0.04 4.80 ± 0.49 0.106 ± 0.004 3.20 ± 0.07 
TNE 0.014 ± 0.002 0.41 ± 0.06 0.014 ± 0.004 0.05 ± 0.01 0.014 ± 0.002 0.03 ± 0.01 
DHA 0.204 ± 0.28 14.0 ± 0.6 0.216 ± 0.28 19.5 ± 1.84 0.176 ± 0.22 15.6 ± 1.03 
EA 0.408 ± 0.16 14.0 ± 1.12 0.66 ± 0.12 21.6 ± 0.71 0.642 ± 0.16 20.0 ± 2.76 
PBO 0.044 ± 0.002 0.20 ± 0.03 0.04 ± 0.001 0.14 ± 0.3 0.036 ± 0.004 0.12 ± 0.01 
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Figure 4-13: Comparison of specific activities of D. melanogaster and L. cuprina purified 
GSTs from different affinity matrices. 
The unbound fractions from the GSH matrix with significant activity with CDNB were 
pooled and applied equally to DNP-GSH and CNP-GSH affinity matrices. Assays were 
undertaken following the methods in section 3.2.4. The % specific activities of purified 
GSTs from DNP-GSH and CNP-GSH matrices were calculated relative to the value of GSH 
affinity-purified GSTs measured in triplicates from three independent experiments. Error 
bars represent standard deviation.  
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4.3.3 Identification of purified GSTs 
In order to identify the GSTs purified by the different affinity matrices, two 
dimensional gel electrophoresis was carried out on the concentrated samples of 
purified enzymes as described in the section 3.2.7.2. The GST profiles of D. 
melanogaster and L. cuprina gels were compared. Mass fingerprinting analysis was 
carried out on the major spots using MALDI-TOF. The spectra were analysed by the 
software Data Explorer and the resulting monoisotopic masses (MH+) were 
submitted to Profound in order to identify the GSTs against NCBInr database, 
version dated 12/08/2008. For identification of D. melanogaster proteins the 
taxonomy ―Drosophila melanogaster‖ was used. The identification of L. cuprina 
GSTs was challenging due to lack of a specific genetic database. The GSH affinity-
purified GSTs from both the insects resolved on 2D gels in a similar separation 
pattern (Figure 4-17 and Figure 4-18) and were identified as Sigma and Delta GSTs 
(Table 4-9 and Table 4-10). Previously our laboratory sent a L. cuprina Sigma GST 
preparation to HortResearch, Hamilton, NZ for the amino acid sequencing and in the 
present study in addition to MALDI-TOF identification, that deduced Sigma 
sequence was matched against the L. cuprina Sigma matched peptides to confirm its 
identity. The only L. cuprina GST sequence available in the NCBInr database is that 
for GSTD1, which helped to confirm the identification of Delta GST spots. However, 
the DNP-GSH affinity-purified L. cuprina GSTs were resolved on 2D gels somewhat 
differently than D. melanogaster GSTs purified by the same matrix (Figure 4-20 and 
Figure 4-21). The L. cuprina peptides were matched against the ―Other Metazoa‖ 
fragmentation database and GSTs in other species were matched. However, using 
this approach the classification of GSTs could not be reliably determined. Therefore, 
to tentatively assign a class to the matched GSTs in other species, a consensus 
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sequence-based  approach was developed to avoid problems that might result from 
individual variation.  
4.3.3.1 Development of a consensus sequence-based approach for 
tentative characterisation of L. cuprina GSTs 
A consensus sequence is a way of representing the results of a multiple 
sequence alignment, where related sequences are compared to each other, and similar 
functional sequence motifs are found. It shows which residues are most abundant in 
the alignment at each position. Specific sequence motifs can function as regulatory 
sequences and they are thought to be conserved across long periods of evolution 
(McEwen et al., 2009). In the present investigation, as mentioned before, the 
monoisotopic masses of L. cuprina peptides (obtained after tryptic digestion) were 
searched in Profound for similarity against the whole metazoa fragmentation 
database and thus their characterisation was not limited to insects. When the L. 
cuprina peptides were identified as GSTs in other metazoa species, the matched 
peptides were aligned with the consensus sequences of different insect GST classes 
to determine their relatedness. Hence the characterization of L. cuprina GSTs is 
tentative, based on % similarity and % identity with the GST class consensus 
sequences. To derive the consensus sequences for all the insect GST classes, the 
sequences of each class from different insect species were aligned using the 
ClustalW2 alignment programme with default conditions. For example, to obtain the 
Sigma GST consensus sequence, D. melanogaster GSTS1 sequence has been 
matched against the Arthropoda database using BLAST software. The BLAST result 
identified Sigma GST sequences in different species (Figure 4-14). Out of all these 
representative matched sequences, those with high scores from different species were 
selected from genera closely related to L. cuprina. Here the sequences from 
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Drosophila melanogaster, Musca domestica, Aedes aegypti, Blattella germanica, 
Bombyx mori, and Apis melliferra were selected and aligned by using the ClustalW2 
alignment program (Figure 4-15). These alignment data were processed in the 
programme JalView to determine the consensus from the combined selected 
sequences (Figure 4-16). The consensus sequences for all other GST classes were 
derived the same way. For the consensus sequence of Delta GSTs, the different Delta 
subclasses from D. melanogaster D1, D2, D3, D4, D5, D10 and Delta GSTs from 
other species such as Musca domestica, Lucilia cuprina, Anopheles dirus, Blatella 
germanica and Culex quinquefasciatus were selected and aligned. For the consensus 
sequence of the Theta GSTs, the human Theta GST sequence was matched against 
the Arthropoda using BLAST and the Theta sequences from Anopheles gambiae, 
Aedes aegypti, Drosophila melanogaster, Bombyx mori, Nilaparvatha lugens, 
Blatella germanica and Culex quinquefasciatus were selected. The consensus 
sequence for the Mu GSTs was also obtained by matching the Boophilus microplus 
(Tick species) Mu GST in BLAST and the sequences from other ticks and mites with 
more than 60% similarity score were aligned in clustalW2. The Xi and Iota GSTs are 
reported to be uniquely present in mosquitoes (Ding et al., 2003; Lumjuan et al., 
2007), their consensus sequences were determined and used to check for similarity 
with L. cuprina GST matched peptides. Once the consensus sequences for all the 
GSTs were derived as shown in Appendix 10.4, the sequences of matched peptides 
of the L. cuprina spots were aligned with them using ClustalW2 to identify the level 
of similarity between the peptides and each of the consensus sequences of GST 
classes. The tentative classification of the L. cuprina GST spots reported in Table 
4-11 and Table 4-14 is based on this approach. The spots which are non-GST 
proteins served as controls, having no significant score. 
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Figure 4-14: BLAST result of D. melanogaster Sigma GSTS1 against the Arthropoda 
fragmentation database.  
The sequences of GSTs marked with a tick in the left hand column were selected to obtain 
the consensus sequence for Sigma GST.  
  107 
 
 
 
Figure 4-15: ClustalW2 alignment result of Sigma GST sequences from the different insects. 
The "*" means that the residues in that column are identical in all sequences in the 
alignment. ":" means that conservative substitutions have been observed "." means that semi-
conserved substitutions are observed. DROME = D. melanogaster, MUSDO = M. domestica, 
AEDAE = A. aegypti, BLAGE = B. germanica, APIME = A. melliferra and BOMMO = 
Bombyx mori 
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Figure 4-16: Alignment result in Jalview. 
The selected sequences from D. melanogaster (DROME), M. domestica (MUSDO), A. aegypti (AEDAE), B. germanica (BLAGE), A. melliferra (APIME) 
and Bombyx mori (BOMMO) were aligned in ClustalW2 and the amino acid similarity is shown in Jalview window. 
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Figure 4-17: Two dimensional gel electrophoresis of GSH affinity-purified D. melanogaster 
GSTs. 
Glutathione affinity- purified D. melanogaster GSTs were separated in the first dimension on 
a 7 cm pH 3-10 linear IPG strip and then in the second dimension on a SDS-PAGE gel. The 
M.W. marker was run along the sample. The gel was stained with Coomassie Brilliant Blue 
G-250. The identification of the numbered spots can be found in Table 4-9. 
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Table 4-9: Identification of D. melanogaster GSTs purified by GSH affinity matrix. 
teins identified from the GSH affinity-purified fractions of D. melanogaster separated over a pH range of 3-10 (Figure 4-17) using 2D gel electrophoresis as 
described in section 3.2.7.2. The proteins were identified using MALDI-TOF peptide mass fingerprinting. Protein spots are as numbered in Figure 4-17. Z 
score, the sequence coverage and the number of matched peptides are reported as obtained from Profound. In addition the protein name, the Swiss-
Prot/TrEMBL accession numbers, the computed molecular mass and isoelectric point are given as obtained from the ExPASy Proteomics server of Swiss 
Institute of Bioinformatics and the Swiss-Prot database. Identification was made by using taxonomy D. melanogaster and the NCBInr database, version dated 
12/08/2008. A protein Z score greater than 1.65 is significant in Profound. The matched peptide sequences were searched against the sequences of all D. 
melanogaster GST classes and unique peptide sequences for each isoform of GSTs are listed in Appendix section 10.3.2.  
Spot 
No. 
NCBInr 
Accession 
(Tgi) 
Swiss-prot 
/TrEMBL 
Accession No. 
Identified protein GST class 
identified 
Theoretical 
M.W./pI 
Experimental 
M.W./pI 
Number of 
matched 
peptides 
Coverage 
(%) 
Z score* 
1 24654347 P41043 GST S1 Sigma 27.65/4.6 33/4.6 15 35 2.43 
2 24654347 P41043 GST S1 Sigma 27.65/4.6 31/4.9 20 64 2.43 
3 17737923 P20432 GST D1 Delta 23.89/6.8 24/5.5 6 38 2.43 
4 17737923 P20432 GST D1 Delta 23.89/6.8 24/5.7 8 33 2.43 
5 17737923 P20432 GST D1 Delta 23.89/6.8 24/6.0 7 35 2.43 
6 17737923 P20432 GST D1 Delta 23.89/6.8 23.5/6.4 8 33 2.43 
7 17737923 P20432 GST D1 Delta 23.89/6.8 23/7.0 5 38 2.43 
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Figure 4-18: Two dimensional gel electrophoresis of GSH affinity-purified L. cuprina GSTs. 
Glutathione affinity-purified L. cuprina GSTs were separated in the first dimension on a 7 
cm pH 3-10 linear IPG strip and then in the second dimension on a SDS-PAGE gel. The 
M.W. marker was run along the sample. The gel was stained with Coomassie Brilliant Blue 
G-250. The identification of the numbered spots can be found in Table 4-10. The arrow 
shows the spot 2. 
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Table 4-10: Identification of L. cuprina GSTs purified by GSH affinity matrix. 
Proteins identified from the GSH affinity-purified fractions of L. cuprina separated over a pH range of 3-10 (Figure 4-18) using 2D gel electrophoresis as 
described in section 3.2.7.2. The proteins were identified using MALDI-TOF peptide mass fingerprinting. Protein spots are as numbered in Figure 4-18. Z 
score, the sequence coverage and the number of matched peptides are reported as obtained from Profound. In addition the protein name, the Swiss-
Prot/TrEMBL accession numbers, the computed molecular mass and isoelectric point are given as obtained from the ExPASy Proteomics server of Swiss 
Institute of Bioinformatics and the Swiss-Prot database. Identification was made by using taxonomy D. melanogaster and Other Metazoa NCBInr database, 
version dated 11/12/2007. A protein Z score greater than 1.65 is significant in Profound.  
Spot 
No. 
NCBInr 
Accession (Tgi) 
Swiss-prot 
/TrEMBL 
Accession No. 
Identified protein GST class 
identified 
Theoretical 
M.W./pI 
Experimental 
M.W./pI 
Number of 
matched 
peptides 
Coverage 
(%) 
Z score 
1 1170110 P46437 GST_MUSDO Sigma 27/4.6 30/4.6 9 32 2.40 
24654347 P41043    DmGST S1 Sigma 27.6/4.57 30/4.6 5 29 2.43 
2 1170110 P46437 GST_MUSDO Sigma 27/4.6 28/4.6 6 24 2.33 
3 1346214 P42860 GSTT1_LUCCU Delta 23.8/6.3 23/4.6 8 48 2.43 
4 1346214 P42860 GSTT1_LUCCU Delta 23.8/6.3 23/5.4 6 38 2.43 
5 1346214 P42860 GSTT1_LUCCU Delta 23.8/6.3 23/5.5 11 55 2.43 
6 1346214 P42860 GSTT1_LUCCU Delta 23.8/6.3 23/5.7 9 55 2.43 
7 1346214 P42860 GSTT1_LUCCU Delta 23.8/6.3 23/5.9 10 49 2.43 
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The result obtained from the proteins that bound to the GSH affinity matrix showed 
that at least 7 spots were detected on both the gels (Figure 4-17 and Figure 4-18) and 
Table 4-9 and Table 4-10 summarise the identification of each spot based on significant 
Z scores (>1.65). The spots 1 and 2 in Figure 4-17 and Figure 4-18 have been identified 
as Sigma GST  and it appears as if spot 2 is due to degradation of a Sigma GST.  The 
peptides from L. cuprina spot 1 matched against M. domestica and D. melanogaster 
Sigma GST. These matched peptide sequences were aligned with the deduced amino 
acid sequence of L. cuprina Sigma GST previously obtained by our laboratory as 
shown in Figure 4-19. The  clustalW2 alignment score was 80 and 76 against Musca 
and D. melanogaster respectively confirming the identity of spot 1 as Sigma GST. The 
rest of the spots have been identified as Delta GSTs and particularly the D1 class of 
GSTs as shown in the Table 4-9 (D. melanogaster spots) and Table 4-10 (L. cuprina 
spots) approach (matching against the consensus sequences of GSTs) is shown in Table 
4-11. 
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Deduced Lucilia sequence
Lucilia peptides matched against Musca
Deduced Lucilia sequence
Lucilia peptides matched against Musca
Deduced Lucilia sequence
Lucilia peptides matched against Musca
Deduced Lucilia sequence
Lucilia peptides matched against Drosophila
Deduced Lucilia sequence
Lucilia peptides matched against Drosophila
Deduced Lucilia sequence
Lucilia peptides matched against Drosophila
A
B
 
 
Figure 4-19: Alignment of peptide sequences of L. cuprina spot 1(Figure 4-18) matched against 
M.  domestica (A) and D. melanogaster (B) (Table 4-10) using ClustalW2. 
The list of the peptide sequences can be found in Appendix section 10.3.4. See the legend to  
Figure 4-15 for the details.
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Table 4-11: Assignment of class of GST using the ClustalW2 programme.  
The peptides of L. cuprina GSH affinity-purified spots on 2D gel matched against ―Other Metazoa‖ were aligned with consensus sequences of insect GSTs 
using the ClustalW2 alignment programme. The highest match score is highlighted in red text. The identification of each spot is shown in Table 4-10 
Spot 
No. 
Identification against 
―Other Metazoa‖ 
  
Alignment with consensus sequences of Insect GST classes 
ClustalW2 Score 
Predicted 
GST Class 
Sigma Delta Epsilon Omega Zeta Theta Xi Iota Mu 
_________________________________________________________________________________________________________________ 
1 
gi|1170110|sp|p46437.1| GST_MUSDO  
glutathione S-transferase;  
GST class-sigma 
74 7 12 6 6 6 11 9 22 Sigma 
 
gi|24654347|ref|NP_725653.1|   
glutathione S transferase S1,  
isoform A [Drosophila melanogaster] 
87 16 11 5 11 8 5 8 9 Sigma 
2 
gi|1170110|sp|p46437.1| GST_MUSDO  
Glutathione S-transferase;  
GST class-sigma 
79 8 16 18 10 10 8 6 29 Sigma 
3 
gi|1346214|sp|p42860.2| 
GSTT1_LUCCU Glutathione 
S-transferase; GST class-Theta 
8 89 29 11 12 26 52 50 13 Delta 
4 
gi|1346214|sp|p42860.2| 
GSTT1_LUCCU Glutathione S- 
transferase;GST class-Theta 
10 89 37 13 13 18 49 59 15 Delta 
5 
gi|1346214|sp|p42860.2| 
GSTT1_LUCCU Glutathione  
S-transferase;GST class-Theta 
6 88 33 24 16 11 46 52 17 Delta 
6 
gi|1346214|sp|p42860.2| 
GSTT1_LUCCU Glutathione  
S-transferase;GST class-Theta 
8 85 35 19 16 25 47 51 16 Delta 
7 
gi|1346214|sp|p42860.2| 
GSTT1_LUCCU Glutathione  
S-transferase;GST class-Theta  
16 84 35 19 16 12 52 50 14 Delta 
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The unbound fractions of GSH matrix from D. melanogaster were further purified by 
DNP-GSH and CNP-GSH affinity matrices and purified fractions resolved by 2D 
electrophoresis. 
 
Figure 4-20: Two dimensional gel electrophoresis of DNP-GSH and CNP-GSH affinity-
purified D. melanogaster GSTs after purification by GSH matrix. 
 A) DNP-GSH affinity-purified D. melanogaster GSTs, B) CNP-GSH affinity-purified D. 
melanogaster GSTs. The bound fractions were separated in the first dimension on a 7 cm pH 4-
7 linear IPG strip and then in the second dimension on a SDS-PAGE gel. The M.W. marker 
was run along the sample. The gels were stained with Coomassie Brilliant Blue G-250. The 
identification of numbered spots on gel A is detailed in Table 4-12 and identification of some 
critical spots, numbered on gel B, is shown in Appendix 10.3.8 to confirm its similarity with 
gel A.  
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Table 4-12: Identification of D. melanogaster GSTs purified by sequential DNP-GSH affinity matrix. 
Proteins identified from the DNP-GSH affinity-purified fractions of D. melanogaster separated over a pH range 4-7 (Figure 4-20 A) using 2D gel 
electrophoresis as described in section 3.2.7.2. The proteins were identified using MALDI-TOF MS peptide mass fingerprinting. Protein spots are as 
numbered in Figure 4-20. Z score, the sequence coverage and the number of matched peptides are reported as obtained from Profound. In addition the protein 
name, the Swiss-Prot/TrEMBL accession numbers, the computed molecular mass and isoelectric point are given as obtained from the ExPASy Proteomics 
server of Swiss Institute of Bioinformatics and the Swiss-Prot database. Identification was made by using taxonomy D. melanogaster and NCBInr database, 
version dated 12/08/2008. A protein Z score greater than 1.65 is significant in Profound. The matched peptide sequences were searched against the sequences 
of all D. melanogaster GST classes and unique peptide sequences for each isoform of GSTs are listed in Appendix section 10.3.6.   
 
Spot 
No. 
NCBInr 
Accession 
(Tgi) 
Swiss-prot 
/TrEMBL 
Accession No. 
Identified protein GST class 
identified 
Theoretical 
M.W. /pI 
Experimental 
M.W. /pI 
Number of 
matched 
peptides 
Coverage 
(%) 
Z 
score 
1 24654347 P41043 GST S1 Sigma 27.65/4.6 33/4.6 8 47 2.43 
2 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.0 6 33 2.43 
3 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.1 9 49 2.35 
4 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.2 8 47 2.35 
5 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.3 7 38 2.35 
6 21355763 Q9VSL4 CG6673 Omega 28.76/6.5 28/5.4 13 48 2.43 
7 21355763 Q9VSL4 CG6673 Omega 28.76/6.5 28/5.5 15 46 2.43 
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Table 4-12 continued.  
Spot 
No. 
NCBInr 
Accession 
(Tgi) 
Swiss-prot 
/TrEMBL 
Accession No. 
Identified protein GST class 
identified 
Theoretical 
Mr/pI 
 Number of 
matched 
peptides 
Coverage 
(%) 
Z 
score 
________________________________________________________________________________________________________________________________________________ 
8* 21355779 Q9VSL2 CG6776 Omega 27.76/6.5 26/5.4 5 24 1.90 
9* 21355779 Q9VSL2 CG6776 Omega 27.76/6.5 26/5.5 6 22 2.09 
  10* 385883 P20432 GST D1 Delta 23.89/6.9 23/5.2 4 26 2.43 
11 6517192 Q9U5D5 Drab 2 Non-GST 23.69/5.8 20/4.8 7 37 2.43 
12 24641150 Q9VZ47 Rab GTPase 9Fa Non-GST 23.1/6.0 20/4.9 4 21 2.43 
13 20129743 A1Z6X6 CG1707 (Lactoyl glutathione lyase) Non-GST 20.14/6.1 19/5.2 11 60 2.37 
14 20129743 A1Z6X6 CG1707(Lactoyl glutathione lyase) Non-GST 20.14/6.1 19/5.3 13 72 2.39 
15 17137696 Q9V345 COP9 complex homolog subunit 4 Non-GST 46.74/5.9 46/5.1 11 33 1.40 
16 17137696 Q9V345 COP9 complex homolog subunit 4 Non-GST 46.74/5.9 46/5.2 9 29 2.43 
17 1580758 P13706 Glycerol 3-phosphate dehydrogenase Non-GST 44.75/6.4 46/5.2 13 38 2.00 
 
* Spots were identified from a replicate gel. 
 Spots 1-12 are in the range of theoretical M.W. of GSTs (22-40 kDa).  
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The DNP-GSH and CNP-GSH affinity matrices were still able to bind the 
Sigma and Delta GSTs which were binding to GSH matrix. As the number of protein 
spots detected were similar in both the matrices, full characterisation was taken only 
on prominent D. melanogaster protein spots on the gel of DNP-GSH affinity 
fractions, which have been positively identified and reported in the Table 4-12. Some 
critical spots on the CNP-GSH affinity gel (numbered on gel B, Figure 4-20) were 
also identified to check their similarities in identification with DNP-GSH affinity gel 
spots. This is reported in Appendix Table 10-1. Both these gels have confirmed the 
expression of the same GSTs.  Approximately 80% of the proteins isolated in the    
M.W. range 22-40 kDa and focusing in the pH range 4-7 were identified as 
belonging to the GST superfamily. However, there are other non-GST proteins also 
identified on the gel. An interesting result was that spots 2, 3, 4 and 5 have been 
identified as CG16936, which is reported in the D. melanogaster database as a 
putative uncharacterised protein having glutathione transferase activity. The 
sequence of CG16936 protein is close to the Epsilon class of GSTs (47%) when 
aligned with the consensus sequences of GSTs using ClustalW2 alignment 
programme. The spots 6 and 7 from the D. melanogaster DNP-GSH gel have been 
identified as CG6673 and spots 8 and 9 have been identified as CG6776. These 
proteins (CG6673 and CG6776) undoubtedly belong to the Omega class of GSTs. 
Hence, members of four major classes of GSTs (Sigma, Delta, Epsilon and Omega) 
have been partially purified and identified successfully on the gel. The proteins other 
than the GSTs present on gel include a Rab protein, which is involved in GTP-
binding and protein transport, CG1707; a protein having lactoylglutathione lyase 
activity, and glycerol 3-phosphate dehydrogenase, which has oxidation-reduction 
capability.  
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Given the greater ease of preparation of the DNP-GSH matrix and its 
performance being at least equivalent to the CNP-GSH matrix, the unbound fractions 
from the GSH matrix from L. cuprina were only subjected to DNP-GSH affinity-
purification. The fractions from the DNP-GSH matrix were resolved by 2D 
electrophoresis and are shown in Figure 4-21. 
 
 
 
Figure 4-21: Two dimensional gel electrophoresis of DNP-GSH affinity-purified L. cuprina 
GSTs after purification by GSH matrix. 
DNP-GSH affinity-purified L. cuprina GSTs were separated in the first dimension on a 7 cm 
pH 4-7 linear IPG strip and then in the second dimension on a SDS-PAGE gel. The M.W. 
marker was run along the sample. The gel was stained with Coomassie Brilliant Blue G-250. 
The identification of the numbered spots against ―Other Metazoa‖ fragmentation database is 
shown in Table 4-13 and their tentative classification can be found in Table 4-14. 
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Table 4-13: Identification of L. cuprina GSTs purified by sequential DNP-GSH affinity matrix.  
Proteins identified from the DNP-GSH affinity-purified fractions of L. cuprina separated over a pH range 4-7 (Figure 4-21) using 2D gel electrophoresis as 
described in section 3.2.7.2. The proteins were identified using MALDI-TOF MS peptide mass fingerprinting. Protein spots are as numbered in Figure 4-21. Z 
score, the sequence coverage and the number of matched peptides are reported as obtained from Profound. In addition the protein name, the Swiss-
Prot/TrEMBL accession numbers, the computed molecular mass and isoelectric point are given as obtained from the ExPASy Proteomics server of Swiss 
Institute of Bioinformatics and the Swiss-Prot database. Identification was made by using taxonomy D. melanogaster and ―Other Metazoa‖ NCBInr database, 
version dated 2/01/09. A protein Z score greater than 1.65 is significant in Profound.  
 
Spot 
No. 
NCBInr 
Accession 
(Tgi) 
Swiss-prot 
/TrEMBL 
Accession No. 
Matched protein GST class 
matched 
against D. 
melanogaster 
Theoretical 
M.W./pI 
Experimental 
M. W./pI 
Number of 
matched 
peptides 
Coverage 
(%) 
Z score 
1 24654347 P41043 GST_ Drosophila melanogaster Sigma 27.6/4.57 30/4.6 6 29 2.43 
1170110 P46437 GST_Musca domestica Sigma 27/4.6 30/4.6 9 32 2.39 
2 3201479 O61996 GST_Bombyx mori Delta 25.25/5.1 28/5.3 8 48 2.00 
3 3511225 O77462 GST_Anopheles gambiae Theta/Delta 25.08/5.8 28/5.4 4 20 2.43 
4 57967586 O77462 GST_Anopheles gambiae Theta/Delta 25.08/5.8 28/5.5 5 32 2.43 
5 159058 P31671 mu GST_Fasciola hepatica Sigma 25.41/5.9 28/5.6 10 50 2.43 
6 7387485 Q26387 GST_Heligmosomoides polygyrus Sigma 24.53/6.6 28/5.7 9 56 1.94 
7 12007374 Q9GPL8 GST E2_Anopheles gambiae Epsilon 24.95/5.5 27/5.4 4 23 1.26 
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Table 4-13 continued. 
Spot 
No. 
NCBInr 
Accession 
(Tgi) 
Swiss-prot 
/TrEMBL 
Accession No. 
Matched protein GST class 
matched 
against D. 
melanogaster 
Theoretical 
M.W./pI 
Experimental 
M.W./pI 
Number of 
matched 
peptides 
Coverage 
(%) 
Z score 
____________________________________________________________________________________________________________________________________________ 
8 24654992 A1ZB73 GST E8, CG17533 Epsilon 24.93/5.7 27/5.5 4 28 2.43 
 9 19922932 Q9XYZ9 CG16936 Epsilon 25.44/5.9 27/5.6 4 21 1.47 
10 3511225 O77462 GST_Anopheles gambiae Delta 25.36/5.8 23/4.9 4 33        2.43 
11 84402 Q7JVZ8 GST_Schistosoma japonicum Epsilon 25.83/6.3 23/4.9 7 35 2.43 
12 121696 P28338 GSTT1_MUSDO Delta 23.8/7.7 23/5.2 6 36 1.75 
13 159058 P31671 mu GST_Fasciola hepatica Sigma 25.54/6.1 23/5.4 7 43 2.43 
14 24641058 Q9W2S9 Rab GTPase 9Db_D. melanogaster Non-GST 23.22/5.8 23/5.6 10 53 2.43 
15 17137218 O18336 Rab protein 14_D. melanogaster Non-GST 24.47/5.9 23/6.5 11 60 2.43 
16 6517192 Q9U5D5 Drab 2_D. melanogaster Non-GST 23.69/5.9 18/5.5 7 43 2.43 
17 464526 Q05975.1 Rab-2_D. melanogaster Non-GST 23.69/6.2 15/5.4 12 64 2.25 
Drosophila melanogaster – Fruit fly; Musca domestica – Housefly; Bombyx mori – Silk moth; Anopheles gambiae – Mosquitoes; Fasciola hepatica – Sheep 
liver fluke; Heligmosomoides polygyrus – Nematode found in rodents; Schistosoma japonicum – a parasite often referred as human blood fluke 
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Seventeen prominent spots were identified from the 2D electrophoresis of L. 
cuprina DNP-GSH affinity-purified fractions. Fragments from spot 1 matched the 
sequences in the M. domestica and in D. melanogaster databases for Sigma GST, 
much as was found with the previous L. cuprina GSH affinity gel. However, other 
spots which did not match with the D. melanogaster database were compared with 
―Other Metazoa‖ fragmentation database. Interestingly, thirteen spots gave 
fragmentation patterns which matched GSTs in other different species such as Musca 
domestica, Bombyx mori, Anopheles gambiae, Fasciola hepatica, Heligmosomoides 
polygyrus and Schistosoma japonicum and possible sequences of the peptide 
fragments were obtained from these databases. As seen with the D. melanogaster gel, 
the DNP-GSH affinity matrix also captured some non-GST proteins, mainly Rab 
proteins. In the M.W. range of GSTs (22-40 kDa), approximately 87% proteins were 
tentatively identified as GSTs. However, it was difficult to determine the class of the 
GSTs in L. cuprina with great confidence. Therefore, another tentative classification 
approach was used to propose the identity by aligning the sequences of the peptides 
that matched L. cuprina peptide mass fingerprinting data, with consensus sequences 
of different GST classes which were created as described earlier in this section 
(Table 4-14). 
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Table 4-14: Assignment of class of GST using the ClustalW2 programme.  
The peptides of L. cuprina DNP-GSH affinity-purified spots on 2D gel matched against ―Other Metazoa‖ were aligned with consensus sequence of insect 
GSTs using the ClustalW2 alignment programme. The highest match score is highlighted in red text. The identification of each spot is shown in Table 4-13. 
 
 
Spot 
No. 
Identification against 
―Other Metazoa‖ 
  
Alignment with consensus sequences of Insect GST classes 
ClustalW2 Score 
Predicted 
GST Class 
Sigma Delta Epsilon Omega Zeta Theta Xi Iota Mu  
__________________________________________________________________________________________________________________ 
1 
gi|24654347  
Glutathione S-transferase-S1 
CG8938-PA, isoform A 
87 16 11 5 11 8 5 8 9 Sigma 
gi|1170110|sp| p46437.1|  
GST_MUSDO  
Glutathione S-transferase;  
GST class-sigma 
74 7 12 6 6 6 11 9 23 Sigma 
2 
gi|3201479|emb| CAA07071.1|  
Glutathione S-transferase;  
Bombyx mori 
17 54 44 10 12 28 37 49 4 Delta (high M.W.) 
3 
gi|3511225|gb| AAC79992.1|  
Glutathione S-transferase;  
Anopheles gambiae 
18 76 20 6 11 9 30 53 23 Delta(high M.W.) 
4 
gi|57967586|ref|XP_562680.1| 
Glutathione S-transferase;  
Anopheles gambiae str.pest 
8 52 30 16 18 25 36 39 9 Delta(high M.W.) 
5 
gi|159058|gb| AA29139.1|  
mu-glutathione transferase 
(Fasciola hepatica) 
26 12 13 13 13 4 11 17 48 Mu 
6 
gi|7387485|gb| AAB33637.2|  
Glutathione S-transferase 
(Heligmosomoides polygyrus) 
8 5 7 4 5 4 7 5 5 Not determined 
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Table 4-14 continued. 
7 
gi|12007374|gb| AAG45164.1|  
Glutathione transferase E2  
(Anopheles gambiae) 
10 32 58 18 12 24 30 32 20 Epsilon 
8 
gi|24654992|ref| NP 611330.2|  
Glutathione transferase E8  
CG17533-PA(Drosophila 
melanogaster) 
22 42 79 22 28 22 36 38 17 Epsilon 
9 
gi|19922932|ref| NP 611964.1| 
CG16936-PA  
(Drosophila melanogaster) 
12 36 55 12 8 42 46 44 17 Epsilon 
10 
gi|3511225|gb|AAC79992.1|   
glutathione S-transferase  
[Anopheles gambiae] 
9 69 33 8 4 36 29 56 11 Delta (low M.W.) 
11 
gi|84402|pir||A26484   
glutathione transferase – fluke 
(Schistosoma japonicum) (fragment) 
15 22 12 12 7 25 6 22 39 Mu 
12 
gi|121696|sp|P28338.1|GSTT1_MUSDO  
RecName: Full=Glutathione  
S-transferase 1; AltName: 
Full=GST class-theta 
17 85 37 20 22 21 42 52 14 Delta (low M.W.) 
13 
gi|159058|gb|AAA29139.1|   
mu-glutathione transferase  
[Fasciola hepatica] 
23 10 7 6 6 11 12 18 30 Mu 
14 
gi|24641058|ref|NP_572642.1|   
Rab GTPase 9Db 7 1 7 9 9 5 9 7 3 Non-GST 
15 
gi|17137218|ref|NP_477171.1|   
Rab-protein 14, isoform A 
[Drosophila melanogaster] 
2 5 5 6 3 8 6 11 3 Non-GST 
16 
gi|6517192|dbj|BAA87878.1|   
Drab2 [Drosophila melanogaster] 5 8 9 8 10 6 7 5 10 Non-GST 
17 
gi|464526|sp|Q05975.1|RAB2_LYMSTRe
cName: Full=Ras-related protein 
Rab-2 
11 8 10 2 7 13 6 5 12 Non-GST 
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4.3.4 Separation of Sigma and Delta class GSTs 
4.3.4.1 Chromatofocusing 
D. melanogaster GSTs partially purified by GSH affinity chromatography, 
were separated by chromatofocusing over a range of pH 7-4. For this, the purified 
GSTs from the GSH column were equilibrated with the start buffer (0.025 M 
imidazol-HCl buffer, pH 7.4) and applied to the chromatofocusing Mono P column 
as described in section 3.2.3. The flow rate was 0.5 ml/min. The column was pre-
equilibrated with the start buffer and 40% of the CDNB activity eluted from the 
GSH matrix was applied and eluted with the polybuffer 74, pH 4 and 1 M NaCl. 
Three major peaks were obtained at different pH values. Peak I was obtained 
at pH 7.28 and contained a single protein; (i.e. a single GST form which did not bind 
to the Mono P column (Figure 4-24, lane 1) and accounted for 64% of the total GST 
activity (measured with CDNB) applied to the Mono P chromatofocusing column. 
The peaks (Peak II) which were eluted under the pH gradient (Figure 4-23) 
accounted for 6% of the total GST activity and comprised many small peaks eluted 
at different pH values from 5.2- 4.4. The protein eluted by 1 M NaCl formed peak 
III. Due to a column blockage total protein comprising that peak could not be 
determined. Instead values for protein from half the peak were calculated and are 
shown in Table 4-15. The half peak III contained only 1.09% of the starting GST 
activity. The activity towards CDNB is shown in Figure 4-22. A loss of the activity 
towards CDNB was detected in dialysed or equilibrated sample due to the overnight 
equilibration process before the chromatofocusing (Table 4-15). 
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Figure 4-22: Typical FPLC chromatogram, for the separation of D. melanogaster Delta GSTs by Mono P HPLC chromatofocusing at pH 7-4. 
GSTs partially purified by GSH affinity chromatography were equilibrated with 25 mM imidazole/HCl, pH 7.4 and then applied to a Mono P 5/50 GL 
column equilibrated with the same buffer. The GSTs were eluted with polybuffer pH 4 as described in the text. The flow rate was 0.5 ml/min and fractions 
of 3 ml were collected for unbound material and 2 ml for the material eluted under the pH gradient. UV, pH, concentration of sample applied were 
recorded and shown in different colours above. The histogram plotted in red colour displays the GST activity towards CDNB in corresponding fractions.
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Figure 4-23: Magnified image of peak II of Figure 4-22 showing separation of D. 
melanogaster Delta GSTs by Mono P HPLC chromatofocusing at pH 7-4. 
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Table 4-15: Purification of GSTs from D. melanogaster. 
The purification procedure is as given in this section. GST activity is that towards CDNB 
from a single experiment. 2.5 g of adult D. melanogaster flies were used. 
 
Step Total 
protein 
 mg 
Total 
activity 
(Units) 
Specific 
activity 
(Units/mg) 
Yield 
% 
Purification 
fold 
Crude 60.5 3.94 0.065 100 1 
De-pigmented 54.5 3.23 0.059 82 0.90 
Unbound GSH 39.1 2.33 0.059 59 0.90 
Bound GSH 2.30 1.58 0.687 40 10.56 
Part of the bound GSH enzyme was taken aside for gel analysis and activity check. The rest was equilibrated 
and applied to Mono P column for the separation of GST isoforms 
Equilibration 2.25 0.55 0.24 100 1 
Peak I 1.88 0.36 0.19 65 0.79 
Peak II 0.18 0.03 0.16 5.4 0.66 
Peak III 0.04 0.006 0.15 1.1 0.62 
 
The fractions forming the peak I, II and III were pooled and resolved by SDS PAGE 
and identification of protein bands was made by MALDI-TOF. The peak I and peak II 
were identified as the Delta GSTs eluted at different pH and the salt eluted peak III 
was identified as the Sigma class of GST. 
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Figure 4-24: Characterization of D. melanogaster GST subunits by SDS PAGE.  
Lane 1, 2 and 3 respectively, show D. melanogaster GST separated in peak I, II and III 
during the chromatofocusing 74. The gel was stained by Coomassie Brilliant Blue G 250. 
 
One interesting observation is that the Delta class of GSTs which were eluted at 
different pH conditions (pH 7.28 and under the pH gradient 5.2- 4.46) could be 
different sub classes/isoforms. The separation result with the 2D gel (Figure 4-17) 
also showed different spots of Delta class GSTs having the same molecular weight 
but different pIs. However, they all were identified as Delta D1 not as different 
isoforms of Delta GST.  The magnified image of peak II (Figure 4-23) shows 
presence of many small peaks eluted at different pH, however it was not feasible to 
collect each individual peak in different fractions so all the fractions comprising peak 
II were pooled and used for the analysis. Thus chromatofocusing pH 7-4 was able to 
separate the Sigma and Delta GSTs from the partially purified mixture.  
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4.3.4.2 Ion exchange chromatography 
Another way to separate Sigma and Delta GSTs from the partially purified 
mixture is use of a combination of affinity chromatography and ion exchange 
chromatography. The GSH-Sepharose matrix and QAE Sephadex A-25 packed in 
Tricorn
TM
 5/200 were both used for this experiment. A crude extract of D. 
melanogaster was de-pigmented using HiTrap desalting column (5 ml, 1.6 x 2.5 cm). 
CDNB active fractions were passed through the GSH column and the column was 
washed with 0.05 M phosphate buffer, pH 7.4 and 1 M NaCl. The QAE Sephadex A-
25 packed in a Tricorn
TM
 5/200 column was equilibrated with 0.05 M phosphate 
buffer, pH 7.4 and connected to the GSH column at the time of elution of the bound 
GSTs with 0-20 mM glutathione gradient, pH 9.6. GSTs eluted from the GSH 
column were passed immediately through the QAE-Sephadex A-25 column. The 
Delta class of GSTs, which are active towards CDNB, were not retained by QAE-
Sephadex A-25 column and were collected in the unbound fractions. However, the 
Sigma class GST was bound to the QAE Sephadex A-25 and eluted separately using 
0.5 M NaCl.  Sample application, washing and elution were programmed using 
ÄKTA FPLC. The purification steps are summarized in Figure 4-25 and Table 4-16.  
The specific activities of GSH affinity-purified GSTs and QAE Sephadex A-
25 purified GSTs were 27- fold and 2-fold higher than that of crude homogenate 
respectively. The GST activity eluted from the GSH affinity chromatography and 
ion exchange chromatography has been shown in Figure 4-25 (B and C 
respectively). The SDS PAGE analysis revealed the presence of a single protein 
band from both peaks, which were identified as Sigma and Delta GSTs by MALDI-
TOF mass spectrometry (Figure 4-25 D). The same procedure was applied to 
separate Sigma and Delta GSTs from L. cuprina. 
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Figure 4-25: Separation of Sigma and Delta GSTs by ion exchange chromatography. 
(A) The methodology of GST separation. (B) The GST activity eluted from the GSH column which was connected to QAE Sephadex A-25 ion exchange 
column. (C) Elution of GSTs retained by QAE-Sephadex A-25 ion exchange column and (D) SDS PAGE analysis on the fractions of peak I and II in lanes 1 
and 2 respectively. The gel was stained with Coomasssie Brilliant Blue G-250. 
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Table 4-16: Purification of D. melanogaster GSTs by ion exchange chromatography.  
The purification procedure is given in the text. Activity is towards CDNB. 3.5 g of adult flies 
were used. The values are means ± S.D. of three independent experiments with triplicate 
measurements in each. 
  
 
 
The peaks containing Sigma and Delta GSTs were resolved by 2D gel 
electrophoresis. Although the Delta GST present as a single band on SDS PAGE, it 
is separated in six different spots on 2D gel (Figure 4-26) and all spots were 
identified as DmGSTD1.  
 
 
Procedure Total 
protein 
 mg 
Total 
activity 
(Units) 
Specific 
activity 
(Units/mg) 
Yield 
%  
Purification 
fold 
 
Crude 76.5 ± 0.3 17.0 ± 0.2 0.22 ± 0.003 100 1 
De-pigmented 77.0 ± 6.0 16.2 ± 0.1 0.21 ± 0.01 94.8 0.94 
Unbound GSH 68.0 ± 1.0 10.0 ± 0.8 0.14 ± 0.01 58.5 0.65 
Bound  GSH + 
Unbound QAE 
Sephadex 
1.20 ± 0.01 7.25 ± 0.35 6.04 ± 0.3 42.4 27 
Bound  QAE 
Sephadex  
0.40 ± 0.07 0.20 ± 0.02 0.5 ± 0.03 1.2 2.27 
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Figure 4-26:  Resolution of Sigma (peak I) and Delta GSTs (peak II) from D. melanogaster 
by 2D electrophoresis. 
 The fractions of peak I and peak II in Figure 4-25 were separately pooled, concentrated and 
separated in the first dimension on a 7 cm pH 3-10 linear IPG strip and then in the second 
dimension on a SDS-PAGE gel. The M.W. marker was run along the sample. The gel was 
stained with Coomassie Brilliant Blue G-250.   
Table 4-17: Substrate specificities of Sigma and Delta GSTs from D. melanogaster and L. 
cuprina. Four g of flies were used. The specific activity is from three individual experiments 
with triplicate measurements in each and values represent mean ± S. D. 
Substrate Specific activity (μmol/min/mg protein) 
D. melanogaster L. cuprina  
Sigma Delta Sigma Delta 
__________________________________________________________________ 
CDNB 7.11 ± 0.6 58.7 ± 1.7 2.63 ± 0.3 4.75 ± 1.3 
DCNB 0.07 ± 0.01 Nil Nil 0.05 ± 0.1 
NPA 8.36 ± 0.3 1.75 ± 0.9 2.85 ± 0.2 4.46 ± 1.3 
DHA 11.6 ± 0.7 Nil 5.35 ± 0.4 13.5 ± 4.3 
TNE 0.69 ± 0.1 4.78 ± 0.3 0.27 ± 0.01 0.85 ± 0.2 
EA 25.6 ± 1.5 Nil 13.1 ± 0.5 Nil 
PBO Nil Nil Nil 0.06 ± 0.1 
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4.4 Discussion 
It is evident from the affinity purification experiments that a significant 
proportion of the CDNB activity from both insects is not retained by a GSH affinity 
matrix. In a study of the GSTs of the housefly, (Clark et al., 1990) also found a 
similar result. This also confirms the result of (Alias and Clark, 2007) purifying 
GSTs from D. melanogaster using a GSH matrix. In an attempt to characterise those 
isoenzyme(s) from D. melanogaster and L. cuprina responsible for the activity in the 
unbound fractions, the DNP-GSH and CNP-GSH affinity matrices were employed in 
the present study. When the CDNB activities of proteins not bound to the GSH 
matrix from either D. melanogaster or L. cuprina were applied to DNP-GSH and 
CNP-GSH matrices, the recoveries using the DNP-GSH matrix were 36% and 40% 
respectively whereas with the CNP-GSH matrix they were 26% and 43% 
respectively (Table 4-3 and Table 4-4). The GSTs purified from both insects by the 
GSH affinity matrix appeared to contain polypeptides of two different M.W. (23 and 
30-32 kDa) when separated by one dimensional gel electrophoresis. These were 
respectively identified as Delta and Sigma GSTs. The use of GSTrap column for the 
purification of L. cuprina GSTs showed the presence of an additional band on a 1D 
gel compared to the other GSH matrices (Figure 4-3). A previous study on 
purification of GSTs from D. melanogaster identified it as CG16936, a putative 
uncharacterised Epsilon class GST (Alias and Clark, 2007). This might explain the 
higher CDNB activity obtained with GSTrap matrix compared to with other GSH 
matrices. When the unbound fractions from the GSH column with significant GST 
activity towards CDNB were purified using CNP-GSH and DNP-GSH matrices, 
these matrices still captured the Sigma and Delta GSTs. The GSH matrix did not 
bind all the Sigma and Delta GSTs from the crude extract. The possible explanation 
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for this could be that the GSH matrix might have become saturated or the presence 
of the endogenous inhibitors in crude extract might have impeded binding as the ‗de-
pigmented‘ preparation may have still contained some potentially inhibitory 
pigments  (Motoyama et al., 1978). The GSH affinity-purified fractions resolved by 
2D electrophoresis revealed that the Sigma remains one dominant spot whereas the 
Delta GST is composed of at least five spots of comparable size and intensity. This 
is consistent with observations of the housefly GSTs- GST1 (Delta, 28 kDa) and 
GST2 (Sigma, 32 kDa) when purified on a GSH affinity matrix, which yielded a 
similar pattern on a 2D gel (Fournier et al., 1992). This multispot appearance of 
Delta GST on 2D electrophoresis gel may indicate their post-translational 
modifications (PTMs) as the post-translational modifications such as 
phosphorylation, acetylation, deamidation, and cysteine oxidation cause changes in 
the pI of the protein which can be detected on a 2D gel. A detailed study on which 
type of PTM might be involved with Delta GST is described in chapter 7. 
Most of the GSH affinity-purified GSTs from the D. melanogaster gel in the 
present study were identified by Alias (Alias and Clark, 2007). The use of BSP-GSH 
conjugate as a ligand used in that study resulted in the isolation of many GSTs 
including CG16936 (a putative uncharacterized GST) and a number of Epsilon GSTs 
(E3, E6, E7, E9) along with many non-GST proteins. However, the DNP-GSH 
affinity matrix appeared to be less effective in binding Epsilon isoforms than BSP-
GSH matrix but did bind two isoforms of Omega GSTs: CG6673 and CG6776 
(Figure 4-20, Spots 6-9). It is reported in FlyBase (a database of D. melanogaster 
genes and genomes, http://flybase.org/) that the CG6673 has two annotated 
transcripts (A and B) that generate two different polypeptides of much the same 
M.W. but with different pI values. Spots 6 and 7 in Figure 4-20 in the present study 
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correspond to those. The gene responsible for the expression is referred in FlyBase as 
Dmel\CG6673 (CG6673, FBgn0035906). There is experimental evidence that it is 
involved in biological processes such as determination of adult lifespan and response 
to oxidative stress (Kim et al., 2007). However, spots 8 and 9 in Figure 4-20 were 
identified as CG6776 which has only one annotated transcript and one polypeptide 
according to FlyBase and it may be involved in biological process similar to those 
involving CG6673. The reason for the expression of two CG6776 spots on gel may 
be due to post-translational modification. Neither of these Omega GST isoforms are 
involved in eye pigment synthesis (Kim et al., 2006). The CNP-GSH matrix purified 
fractions were resolved in a similar pattern to those from the DNP-GSH matrix and 
identification of spots also confirmed their similarity with each other (See Table 4-12 
and Appendix Table 10-1). Therefore the DNP-GSH matrix was used subsequently 
throughout due to its reliably higher GST binding and easier preparation compared to 
CNP-GSH matrix. 
The identification of the L. cuprina Delta GST spots on the gel was 
straightforward due to the availability of the sequence of this L. cuprina Delta GST. 
However, to characterise other L. cuprina GSTs by MALDI-TOF was challenging. 
The literature suggests that genome annotation methods are also commonly used for 
identification of protein-coding genes and analysis of protein sequences (Koonin and 
Galperin, 2003). The goal of the annotation process is to assign as much information 
as possible to the raw sequence of complete genomes with an emphasis on the 
location and structure of the genes. This can be accomplished by gene finding, by 
identifying homologies to known genes from other organisms, by the alignment of 
full-length or partial sequences to the sequence of known identity or through 
combinations of such methods (Reese et al., 2000). This approach has been used to 
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develop the complete Arabidopsis GST database (Crowe et al., 2003), in 
identification of Epsilon and Delta class GSTs from D. melanogaster (Sawicki et al., 
2003), in genomic organization and developmental expression of GST genes of the 
diamondback moth, Plutella xylostella (Sonoda et al., 2006) and to identify  novel 
genes within the GST clusters (Kim et al., 2009). However, many researchers still 
view genome annotation as a notoriously unreliable and inaccurate process. That 
may be because it produces a considerable number of errors (Nakashita et al., 2000; 
Natale et al., 2000). Another approach to identify proteins is based on the de novo 
sequencing. A novel Sigma-class GST of the fall webworm, Hyphantria cunea has 
been identified by aligning its N-terminal amino acid sequence with other insect GST 
N-terminal sequences (Yamamoto et al., 2007). In the Hessian fly Mayetiola 
destructor, two new Delta and Sigma GSTs were similarly characterized. The 
deduced amino acid sequences for the two M. destructor Delta GSTs (MdesGST-1 
and MdesGST-3) and Sigma GST (MdesGST-2) showed high similarity with other 
insect GSTs including the conserved glutathione and substrate binding sites 
(Mittapalli et al., 2007). Two GST clones of Manduca sexta were sequenced and 
identified (Snyder et al., 1995). As the present study proceeded with proteomics, no 
genomics study was carried out. Some de novo sequences from a few critical spots of 
the proteins resolved on 2D gel were obtained from Centre for Protein Research 
(CPR), at University of Otago, but with minimal success. Only 4-6 peptides of 
lengths between 4 and 8 amino acids long were sequenced from three spots. Only 
three fragments DDKLYPK, F(M)CPYAHR and GEH(I/L)TPEF(I/L)K matched to 
D. melanogaster GSTs and that was not sufficient to identify the class of L. cuprina 
GSTs. Instead, an approach for the tentative classification of L. cuprina GSTs based 
on matching the sequences of peptides fitting the mass fingerprinting data from L. 
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cuprina with consensus sequences of other insect GST classes was developed. The 
search of these peptides against the ―D. melanogaster‖ database and ―Other 
Metazoa‖ fragmentation database provided the provisional characterisation of each 
spot. When the peptides of spot 1 in Figure 4-18 were searched against the D. 
melanogaster database, it was identified as Sigma GST (pI 4.6, 30 kDa) and when 
searched against the ―Other Metazoa‖ fragmentation database, the identified protein 
was still GST S1 with a high confidence score but in Musca domestica. When a 
sequence for the L. cuprina Sigma GST obtained by our laboratory from 
HortResearch (Hamilton) aligned with Musca domestica and Drosophila 
melanogaster Sigma GST sequences, it was found to be 94% and 91% similar 
respectively (Figure 4-27). The long deletion in the sequence of L. cuprina Sigma 
GST is due to the lack of the N-terminal sequence compared to Drosophila 
melanogaster and Musca domestica. The L. cuprina sequence is not complete with 
an absence of sequence data at some positions as shown in Figure 4-27.  
 
Figure 4-27:  Alignment of L. cuprina Sigma GST sequence with other known insect Sigma GST 
sequences from Musca domestica and Drosophila melanogaster using ClustalW2. 
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Thus, the relatedness of L. cuprina Sigma GST with other insect Sigma GST was 
confirmed by a combination of cross-species database matching and de novo 
sequencing. Two dimensional gels of GSH affinity-purified fractions from both 
insects in the present study showed a similar pattern of migration of GSTs (Figure 
4-17 and Figure 4-18).  
As the DNP-GSH affinity matrix resulted in the isolation of the widest range 
of GSTs, the identification of each spot was attempted by aligning the matched L. 
cuprina peptides with the consensus sequence of each class of GSTs. This approach 
yielded a tentative classification of L. cuprina GSTs.  
Spot 2 (Figure 4-21) best matched a GST from Bombyx mori and BLAST 
search against D. melanogaster database showed its similarity with CG17639, a 
protein having glutathione transferase activity. It is worth noting that according to 
FlyBase CG17639 has also two annotated transcripts (A, B) generating two 
polypeptides in D. melanogaster with M.W. 27,841 Da (243 a. a.) and 25,429 Da 
(222 a. a.). The L. cuprina peptides of spot 2 matched with the higher M.W. 
CG17639 isoform. Similarly, spots 3 and 4 were best matched to a GST from 
Anopheles gambiae but BLAST against the D. melanogaster database showed strong 
similarity with GST D1 with M.W. 25,203 Da. When the alignment with the GST 
consensus sequences was performed in ClustalW2, spots 2, 3 and 4 confirmed their 
similarity with the Delta GSTs (pI 5.3, 28 kDa; pI 5.4, 28 kDa and pI 5.5, 28 kDa 
respectively). Interestingly, the D. melanogaster gel did not show the presence of the 
high M.W. form of CG17639 Delta GST (Figure 4-20 A). The analysis of spots 5 
and 6 resulted in uncertainty of the protein identification. Spot 5 matched a Mu GST 
in Fasciola hepatica (Sheep liver fluke) and BLAST against D. melanogaster 
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indicated its similarity with Sigma GST. There is not any evidence of Mu GSTs in 
insects (Enayati et al., 2005; Ranson et al., 2001). Spot 6 most closely matched 
Heligmosomoides polygyrus (a common nematode) GST when searched against 
―Other Metazoa‖ database. Despite good sequence coverage, alignment with 
consensus sequences of GSTs did not predict it to belong to any specific GST class at 
all. Spots 7 compared well with Anopheles gambiae GST (pI 5.4, 27 kDa) and spots 
8 and 9 compared well with CG17533 (pI 5.5, 27 kDa) and CG16936 (pI 5.6, 27 
kDa) in D. melanogaster respectively and aligned well with the consensus sequence 
of Epsilon class GSTs. Spots 10 and 12 were identified as Delta GSTs with low 
molecular weight (pI 4.9, 23 kDa and pI 5.25, 23 kDa respectively). Thus the DNP-
GSH affinity matrix captured both the Delta isoforms with low and high M.W. in L. 
cuprina. The Spots 11 and 13 matched GST in Fasciola hepatica (Sheep liver fluke) 
and Schistosoma japonicum (human blood fluke responsible for Schistosomiasis 
infection) and showed a similarity with Mu GSTs (pI 5.1, 23 kDa and pI 5.45, 23 
kDa respectively). As mentioned before, insects are reported to lack Mu GSTs but 
the alignment score and MALDI-TOF identification showed them as Mu-like GSTs. 
However, these similarity scores are not markedly higher than for other GST classes 
therefore their classification is uncertain. The DNP-GSH affinity fractions from both 
the insects contained some non-GST proteins as well. Spots 11 and 12 in D. 
melanogaster and spots 14, 15, 16 and 17 in L. cuprina gels appeared to be Rab 
proteins which have a significant role in GTP binding and in protein trafficking in 
the cell. Spots 13 and 14 in D. melanogaster were identified as lactoylglutathione 
lyase. It is not surprising that lactoyl glutathione lyase (which is also known as 
glyoxalase I) binds to DNP-GSH matrix as it uses a glutathione conjugate as its 
substrate (Thornalley, 2003). Glycerol 3-phosphate dehydrogenase was also present 
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on D. melanogaster gel. Since during the course of the purification the column was 
washed with 1M NaCl or KCl, it is unlikely that these proteins are bound due to ionic 
interactions with the DNP-GSH matrix. Therefore their presence suggests specific 
interactions with the ligand or a close relation with the adsorbed GSTs, although 
neither are commonly reported artefacts in isolation of GST fusion proteins. The 
members of the Omega and Zeta GST classes may have a lower affinity for 
glutathione (Board et al., 1997; Rouimi et al., 2001) and thus may not bind well to 
the GSH affinity matrix. When fractions that did not bind to the GSH matrix were 
applied subsequently to the DNP-GSH matrix, it retained the Omega GSTs in D. 
melanogaster preparations but not those from L. cuprina. It is possible they may be 
present on the L. cuprina gels but could not be identified by mass fingerprinting. 
However, when a few spots from the L. cuprina DNP-GSH gel were sent to the 
Centre for Protein Research (CPR), at University of Otago for de novo sequencing, 
one of the peptides- F(M)CPYAHR from spot 5, which has uncertain tentative 
identification (Mu-like GST- pI 5.6, 28 kDa) in the present study, matched to the 
Omega GST sequence in D. melanogaster database. In the absence of detailed 
sequence information for L. cuprina GSTs other than the Delta class GST, the 
strategy approached here is a way of getting a preliminary view of what class the 
proteins might belong to. This is by no means a certain identification and there 
appears to be no rigorous statistical method for estimating the confidence of the 
characterisation. Even if this way of identification gives an apparently reliable 
assignment to a class, it is still difficult to know how good an assignment is without 
the gene or protein sequence information.  
Based on the specific activities towards the model substrates, the GSH 
affinity-purified fractions and DNP-GSH affinity-purified enzymes were clearly 
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distinguishable from one another. The GSH affinity-purified GSTs showed marked 
preferences for CDNB and very low activity towards DCNB compared to DNP-GSH 
purified GSTs. The DNP-GSH purified extract also showed thiol transferase and 
dehydroascorbate reductase activity, a characteristic of presence of Omega class 
GSTs (Board et al., 2000; Girardini et al., 2002). The activity with TNE, a lipid 
peroxidation product under conditions of oxidative stress (Agianian et al., 2003; 
Singh et al., 2001) was higher in GSH affinity-purified fractions. Higher TNE 
activity is associated with the presence of Sigma and Delta GSTs. Singh et al. 
investigated aspects of the catalytic activity of Sigma GST and they found that 
recombinant or native Sigma GST had significant glutathione-conjugating activity 
towards 4-HNE, whereas the activity was low for typical GST substrates such as aryl 
and alkyl halides, epoxides and nitro-aromatic compounds (Singh et al., 2001). In D. 
melanogaster, it has been shown that there are at least seven distinct GSTs including 
six Delta-class GSTs, and one Epsilon-class GST with significant activity for 4-HNE 
conjugation (Sawicki et al., 2003). We were unable to detect activities of Sigma 
GSTs towards DCNB and PBO (see Table 4-17) 
The Delta GSTs from D. melanogaster and L. cuprina had higher activity 
with CDNB and TNE compared to Sigma GSTs but almost no activity with DCNB, 
EA and PBO. The specific activities of Sigma GSTs from both the insects were 
higher with EA. The D. melanogaster Sigma GST and L. cuprina Delta GSTs 
showed higher specificity for NPA and DHA (Table 4-17).  
In summary, the work presented in this chapter attempted to purify and 
identify the GSTs from L. cuprina, using D. melanogaster as a model insect. It was 
observed that the affinity purification matrices successfully purified four major GST 
classes: Sigma, Delta, Epsilon and Omega in D. melanogaster however no Omega 
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GST was identified in L. cuprina. A similar separation pattern of GSH affinity-
purified GSTs was observed on 2D gels from both the insects. However, the 
differences of DNP-GSH affinity-purified GSTs separation on 2D gels between both 
the insects led us to develop an approach to tentatively characterise the L. cuprina 
GSTs. After affinity chromatography, the majority of proteins from D. melanogaster 
falling into the experimental M.W. range of 22-40 kDa identified as GSTs. This gave 
us confidence that cross-database matching of mass finger printing data from L. 
cuprina proteins in that M.W. range that showed up as GSTs were likely to be valid. 
By aligning the matched L. cuprina peptides against GST consensus sequences, we 
have assigned the class of GSTs. However, this approach is tentative and needs 
further confirmation. Some of the L. cuprina peptides identified as Mu-like GSTs, 
which is very intriguing because there is no Mu GST class known in insects. The 
high M.W. Delta GSTs were found only in L. cuprina but not in D. melanogaster 
suggesting a different role or properties in L. cuprina. 
Given this information about L. cuprina GSTs, the next questions were:   
 Does the GST proteome vary during the development of L. cuprina?  
 Is GST expression tissue-specific in this insect?  
The answers to these questions will add to our knowledge of the role of L. cuprina 
GSTs in the detoxification of various xenobiotics including insecticides. Chapter 5 
addresses these questions using proteomics. 
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5 Examination of qualitative and quantitative variation of 
GSTs during the life span of Lucilia cuprina and in main 
body parts of the adult fly 
5.1 Introduction 
This chapter describes the qualitative and quantitative variation in the 
expression of GSTs in developmental stages and in main body parts (head, thorax 
and abdomen) of L. cuprina as revealed using proteomics. The ontogenic pattern of 
GST activities towards model substrates has also been studied.  
Age-dependent alteration of GST activities has been demonstrated in both 
vertebrates (Gregus et al., 1985) and invertebrates (Hazelton and Lang, 1983; Kotze 
and Rose, 1987; Wood et al., 1986). Literature suggests that GSTs are differentially 
regulated with specific enzymes being expressed in different tissues during each 
developmental stage and in response to various xenobiotics (Ranson et al., 1997). 
The varied susceptibility of insects towards insecticides during different 
developmental stages has been reported in Drosophila melanogaster (Hunaiti et al., 
1995), Apis mellifera macedonica (Papadopoulos et al., 2004a) and Tenebrio molitor 
(Kostaropoulos et al., 1996; Kostaropoulos et al., 2001b). Resistance mechanisms to 
organophosphorus insecticides have been proposed to include decreased penetration 
and enhanced detoxification by esterases and GSTs in Plutella xylostella larvae (Maa 
and Chuang, 1983; Sun and Ku, 1994). It has also been proposed that resistance to 
certain selected pesticides in insects may be related to changes in their GST 
expression (Clark and Dauterman, 1982; Hayaoka and Dauterman, 1983). These 
studies have reported the purification of limited GSTs or GSTs from limited 
developmental stages of insects and characterised them based on the activity with 
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model substrates, with insecticides or inhibitors. The changes in the proteins‘ 
characteristics (such as substrate specificity, sensitivity to certain inhibitors, 
physicochemical properties and kinetic parameters) during development may be 
explained either by post-translational modification of the proteins during the 
development (Rattan, 1996) or by variation in the expression of certain GST 
isoenzymes (Clark and Dauterman, 1982; Hayaoka and Dauterman, 1983). 
Ontogenic patterns of cytosolic GST activity towards model substrates have been 
determined in Aedes aegypti (Hazelton and Lang, 1983), L. cuprina (Kotze and Rose, 
1987) and Tenebrio molitor (yellow mealworm beetle) (Kostaropoulos and 
Papadopoulos, 1998) including four developmental stages i.e. egg, larvae, pupae and 
adults. An attempt to relate the presence of GSTs in L. cuprina to its role in the 
detoxification of various xenobiotics including insecticides requires knowledge of 
level of these enzymes in different developmental stages of the fly. To our 
knowledge, so far no one has scrutinized the detailed changes in the GST proteome 
which may occur during the development of L. cuprina. 
  Expression of GSTs is often tissue specific (Voss and van Bladeren, 1990). In 
insects, dissected tissues have been used to locate GSTs (Kotze and Rose, 1987). 
Detection of GSTs in M. domestica haemolymph cells, indirect flight muscles and 
the cell bodies of the central nervous system has been undertaken using 
immunohistology (Franciosa and Berge, 1995). A comparison of the GSTs‘ location 
between an insecticide-susceptible strain of housefly and resistant ones was studied 
and no variation due to resistance found (Franciosa and Berge, 1995). However, 
over- expression of GSTs found when the head, thorax and abdomen of the GG strain 
of Aedes aegypti, a strain having ≥ 4-fold higher total GST activity compared to the 
wild-type lab strain, was studied. These results suggested that elevated GST activity 
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in the GG strain is due to constitutive overexpression of GST-2 (Sigma) and GST-1a 
(Delta) that expressed in tissue-specific manner (Grant et al., 1991). The GSTs in 
head, thorax and abdomen were detected through their activities with limited model 
substrates such as CDNB and DCNB (Franciosa and Berge, 1995; Grant et al., 1991; 
Kotze and Rose, 1987). However, the substrates alone are not sufficient to 
distinguish precisely the different isoforms of GSTs due to their overlapping 
specificity (Habig and Jakoby, 1981). This could explain discrepancies and 
disagreements over GST location reported by various groups (Hunaiti et al., 1995; 
Kotze and Rose, 1987). Therefore, a re-examination of GST location seemed 
appropriate, and is analysed in this chapter through a proteomic approach using 
protein extracts from main body parts such as head, thorax and abdomen due to the 
presence and abundance of proteins and ease of preparation of these parts. 
 
 
 
5.2  Objectives: 
 
 To isolate the GSTs from egg, larval, pupal and adult stages of L. cuprina and 
to compare their GST proteomes.  
 To study the ontogenic pattern of GST activity in the developmental stages 
using different model substrates. 
 To study the GST proteomes of head, thorax and abdomen of adult L. 
cuprina. 
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5.3 Results: 
5.3.1 Purification of GSTs from eggs, larvae, pupae and adult 
The biochemical comparison of GSTs from various developmental stages of 
L. cuprina (PY81 strain) was carried out following methods described in section 3.2. 
The data in Table 5-1 showed that the crude extracts prepared from L. cuprina pupae 
displayed significantly higher total and specific activity towards CDNB (p<0.05) 
than the enzyme of eggs, larvae and adults. To further characterize the GST activity, 
the crude preparation of egg, larval, pupal and adult stages were separately applied to 
the GSH affinity matrix (10 µmol/ml, S-linked to Sepharose) initially and then 
unbound fractions from the GSH matrix were further purified using the DNP-GSH 
affinity matrix (9.55 µmol/ml) as described in section 3.2. As shown in the previous 
chapter, the GSH affinity matrix specifically binds to only Sigma and Delta GSTs 
and therefore it was used first to purify Sigma and Delta GSTs from different 
developmental stages of L. cuprina. The purification of unbound fractions from the 
GSH matrix was then subsequently carried out using the DNP-GSH matrix as it 
binds a wide range of proteins, allowing the isolation of proteins other than Sigma 
and Delta GSTs. The results of such purification schemes are summarised in Table 
5-1. The total protein recovered from the crude preparation of larvae, pupae and adult 
was significantly (p<0.05) almost 2-fold higher than that of egg crude preparation. 
Of GSH affinity-purified GSTs, the specific activity of the pupal GSTs towards 
CDNB was significantly different (p<0.05) from other stages being 3-, 2.4- and 3.4-
fold higher than egg, larvae and adult respectively. However, the specific activity of 
DNP-GSH affinity-purified GSTs of the adult stage was higher than other stages.  
 
149 
 
Table 5-1: Purification of GSTs from developmental stages of L. cuprina. 
GSTs of eggs, larvae, pupae and adults (3 g each) were partially purified using a GSH 
affinity matrix. Fractions that did not bind to the GSH matrix with significant GST activity 
towards CDNB were pooled, concentrated and applied to a DNP-GSH affinity matrix for 
further possible purification of GSTs. The values represent mean ± S.D. of three individual 
experiments measured in triplicates. The % yield and fold purification of DNP-GSH matrix 
fractions are based on the activity in the crude extract. 
Stage Purification step Total 
protein 
conc. 
(mg/16 
ml) 
Total 
activity 
(µmol/min) 
Specific 
activity 
(µmol/min/
mg) 
Yield 
(%) 
Fold 
 
Egg Crude 25.0 ± 1.5 2.20 ± 0.9 0.09 ± 0.04 100 1.00 
De-pigmented 20.5 ± 0.4 2.10 ± 0.5 0.10 ± 0.02 95.4 1.11 
Unbound GSH 13.5 ± 0.5 1.40 ± 0.2 0.10 ± 0.01 63.6 1.11 
Bound GSH 0.30 ± 0.1 1.40 ± 0.1 4.66 ± 1.18 63.6 51.7 
Unbound DNP-GSH 10.0 ± 1.0 0.78 ± 0.2 0.08 ± 0.02 35.4 0.88 
Bound DNP-GSH 1.30 ± 0.1 0.77± 0.1 0.59 ±  0.07 35.0 6.55 
 
Larvae Crude 51.0 ± 0.5 2.70 ± 1.0 0.05 ± 0.02 100 1.00 
De-pigmented 45.0 ± 0.3 2.40 ± 0.4 0.05 ± 0.01 88.8 1.00 
Unbound GSH 33.5 ± 1.0 1.40 ± 0.1 0.04 ± 0.003 51.8 0.80 
Bound GSH 0.3 ± 0.01 1.50 ± 0.2 5.01 ± 1.3 55.5 100 
Unbound DNP-GSH 29.0 ± 2.0 0.96 ± 0.1 0.03 ± 0.003 35.5 0.60 
Bound DNP-GSH 1.9 ± 0.03 0.57 ± 0.1 0.30 ± 0.05 21.1 6.00 
 
Pupae Crude 51.5 ± 1.0 7.50 ± 1.8 0.14 ± 0.04 100 1.00 
De-pigmented 50.0 ± 2.0 7.20 ± 0.7 0.14 ± 0.02 96.0 1.00 
Unbound GSH 36.0 ± 0.5 2.25 ± 0.4 0.06 ± 0.01 30.0 0.42 
Bound GSH 0.40 ± 0.1 5.80 ± 0.7 14.5 ± 3.80 77.3 103 
Unbound DNP-GSH 31.5 ± 5.0 1.40 ± 0.1 0.04 ± 0.003 18.6 0.28 
Bound DNP-GSH 2.10 ± 0.1 0.80 ± 0.1 0.38 ± 0.04 10.6 2.71 
 
Adult Crude 46.0 ± 0.5 3.90 ± 0.8 0.08 ± 0.02 100 1.00 
De-pigmented 43.0 ± 1.0 3.70 ± 0.5 0.08 ± 0.01 94.8 1.00 
Unbound GSH 26.0 ± 0.5 2.40 ± 0.1 0.09 ± 0.003 61.5 1.12 
Bound GSH 0.6 ± 0.02 2.50 ± 0.7 4.16 ± 1.16 64.1 52.0 
Unbound DNP-GSH 20.0 ± 1.0 1.48 ± 0.1 0.07 ± 0.005 38.0 0.87 
Bound DNP-GSH 1.7 ± 0.04 1.1 ± 0.03 0.64 ± 0.017 28.2 8.00 
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Figure 5-1: Substrate-specific total activity of crude and affinity-purified GSTs from different 
developmental stage of L. cuprina towards the model substrates. 
A) Crude GSTs, B) GSH affinity-purified GSTs, C) DNP-GSH affinity-purified GSTs. 
Whole body homogenates (3 g) were used as the crude enzyme source  and purified by GSH 
affinity matrix and subsequently by DNP-GSH affinity matrix. Total activity values are 
given as μmol/min. Assays were undertaken following the methods in section 3.2.4. The 
values are from three independent experiments with triplicate measurements within each 
experiment. Error bars represent S.D. 
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Figure 5-2: Substrate-specific specific activity of crude and affinity-purified GSTs from 
different developmental stage of L. cuprina towards the model substrates. 
A) Crude GSTs, B) GSH affinity-purified GSTs, C) DNP-GSH affinity-purified GSTs. 
Whole body homogenates (3 g) were used as the crude enzyme source  and purified by GSH 
affinity matrix and subsequently by DNP-GSH affinity matrix. Specific activity values are 
given as μmol/min/mg of protein. Assays were undertaken following the methods in section 
3.2.4. The values are from three independent experiments with triplicate measurements 
within each experiment. Error bars represent S.D. 
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        The total activity of crude and affinity-purified GSTs towards the model 
substrates CDNB, DCNB, NPA, DHA, and TNE during the life span of the L. 
cuprina is shown in Figure 5-1. The ontogenic total activity profile for CDNB, 
DCNB and TNE were similar i.e., the activity of crude enzyme reached a maximum 
at the pupal stage. Thereafter, the activity started declining steadily in the adult 
phase. The ontogenic activity profile observed for the substrates NPA and DHA was 
quite different. The maximum activity was found in adult however NPA activity was 
quite similar in the larval stage and there was not much difference in DHA activity in 
larval and pupal stages. GSH affinity-purified GSTs from the pupal stage had the 
significantly highest total activity with CDNB and TNE (p <0.05). The DNP-GSH 
affinity-purified GSTs showed increased activity in the adult stage with all the 
substrates used except DCNB and TNE. Total DCNB activity was the highest in the 
larval stage.  
 The specific activities of crude and affinity-purified GSTs towards the 
model substrates are shown in Figure 5-2. The crude enzyme from eggs showed the 
highest activity towards NPA, DHA and TNE but not significantly compared to other 
stages. The specific activities determined in the GSH affinity-purified GSTs from 
pupae were significantly (p<0.05) higher towards CDNB and TNE. An interesting 
finding was that larval GSH affinity-purified GSTs showed higher activity towards 
DCNB, DHA and NPA. DNP-GSH affinity-purified GSTs from the eggs showed 
high activity towards TNE.  It is noteworthy the activity towards DCNB in DNP-
GSH affinity-purified GST from larvae and adult was significantly higher than egg 
and pupal GSTs. 
While the substrate profiling confirms that changes in GST activities occur 
during development, it is far from definitive and more specific methods for 
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identifying GST isoforms from different developmental stages of the insect is 
needed. To investigate further, the GSH and DNP-GSH affinity-purified fractions 
were studied using proteomic methods. 
5.3.2 Proteomic analysis 
The sequential purification scheme presented in section 3.2.2.2 allowed the 
isolation of many GSTs from the different developmental stages of L. cuprina and 
facilitated their comparison. A typical SDS-PAGE analysis of GSH affinity-purified 
GSTs from the developmental stages of L. cuprina is presented in Figure 5-3. 
 
 
Figure 5-3: A typical SDS PAGE of eluents from fractions that bound to GSH and DNP-
GSH affinity matrices from different developmental stages of L. cuprina. 
Lane M is M.W. marker. Lanes 1-4 show bound GSH fractions of egg, larvae, pupae and 
adult respectively (3 g of each insects). The unbound fractions from GSH affinity were then 
purified on a DNP-GSH affinity column. Lanes 5-8 are of bound DNP-GSH fractions of egg, 
larvae, pupae and adult respectively. The gel was stained with Coomassie Brilliant Blue G-
250. 
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One protein band with approximate M.W. 23,000 Da was always obtained in 
SDS gel electrophoresis of the GSH affinity-purified enzymes from egg, larval, pupal 
and adult stages as shown in Figure 5-3. It was identified as Delta GST by MALDI-
TOF as described in section 4.3.3. Another protein band, with approximate M.W. 
30,000 Da started appearing from the larval stage and is abundantly present in the 
adult stage. This was identified as a Sigma GST by MALDI-TOF as described in 
section 4.3.3. As shown by the 1D gel (Figure 5-3), the bound DNP-GSH fractions 
contained many high M.W. proteins due to non-specific binding of proteins to the 
DNP-GSH matrix. In chapter 4, it was shown that the Delta GST, though present as a 
single band on a 1D gel, was resolved into at least 6 spots on a 2D gel. To see 
whether this was the same case for Delta GSTs in the different developmental stages, 
2D gel electrophoresis was carried out on GSH affinity-purified fractions (Figure 
5-4). The DNP-GSH affinity-purified extract was also separated by 2D gel for the 
better resolution (Figure 5-6). 
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Figure 5-4: Two dimensional electrophoresis gels of GSH affinity-purified fractions from 
egg, larvae, pupae and adult stages of L. cuprina. 
GSH affinity-purified GSTs from each developmental stage were separated in the first 
dimension on a 7 cm pH 3-10 linear IPG strip and then in the second dimension on a SDS 
PAGE gel. The M.W. marker was run along the sample. The gels were stained by Coomassie 
Brilliant Blue G-250. The protein load on each gel was from an equal weight of insect (3 g 
each). The identification of the numbered spots can be found in Table 4-10. 
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Figure 5-5: Quantification of the GSH affinity-purified protein spots expressed in different 
developmental stages of L. cuprina. 
Quantitative analysis of the digitized images was carried out using ImageQuant (Version 5.2, 
Molecular Dynamics) software. A) Spot volume and B) Spot volume relative to adult value. 
Values are the mean of at least three independent experiments with three measurements in 
each. Error bars represent standard deviation. Spot 1 = Sigma GST (pI 4.6, 30 kDa) and spot 
3-7 are Delta GSTs with M.W. 23 kDa and pI 4.9, 5.4, 5.5, 5.7 and 5.9 respectively. 
Numbers assigned to GSTs correspond to those in Figure 5-4. Spot 2 appears to be a 
degradation product of the Spot 1 and is not included in the analysis.  
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GSH affinity-purified GSTs resolved on a 2D gel from each developmental stage of 
L. cuprina were identified by MALDI-TOF and their identity confirmed with the 
previous reported identification of GSTs purified from the GSH affinity matrix in 
section 4.3.3 (Table 4-10 and Table 4-11). Spots 1 and 2 were identified as Sigma 
GST and spots 3-7 were assigned as the same Delta GST1 (Figure 5-4). The 
proteomic results show that the Delta GSTs are expressed in all life stages of flies. 
However, the Sigma GST (spot 1) only starts expressing from the larval stage and is 
most abundantly present in adult stage. While in the larval and pupal stages the Delta 
GST was expressed at a significantly higher level than Sigma GST, in the adult stage, 
the relative amounts were changed dramatically. Significant (p<0.05) 80- and 44-fold 
differences for Sigma GST were determined between larvae and pupae respectively 
compared to the adult. Eggs lack the Sigma GST. The Delta GSTs also vary 
quantitatively during the developmental stages (Figure 5-5). The interesting 
observation was that the spot 3 (Delta, pI 4.9, 23 kDa) had significantly (p<0.05) 
higher 27-30-fold expression in adult stage compared to other stages. In the adult 
stage the volume of spot 3 was 5.1-, 4.6-, 3.5- and 1.6-fold significantly higher 
(p<0.05) compared to spots 4, 5, 6 and 7 respectively. This may suggest that the 
there is some physiological processing of Delta GSTs going on during the 
development of an insect. The higher volume and distorted shape of spot 3 also 
suggests that it may be a group of more than one spot but not resolved on a 2D gel. 
The expression of Delta GSTs in adult was 3.7-, 2.1- and 3.0-fold higher than the 
Delta GSTs of egg, larvae and pupae. However, the expression of Delta GSTs did not 
significantly vary between the different developmental stages as did the Sigma 
GSTs. The DNP-GSH affinity-purified fractions from each stage were also resolved 
by 2D electrophoresis.  
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Figure 5-6: Two dimensional electrophoresis gels of DNP-GSH affinity-purified fractions 
from egg, larvae, pupae and adult stages of L. cuprina. 
DNP-GSH affinity-purified GSTs from each developmental stage were separated in the first 
dimension on a 7 cm pH 3-10 linear IPG strip and then in the second dimension on a SDS 
PAGE gel. The M.W. marker was run along the sample. The gels were stained by Coomassie 
Brilliant Blue G-250. The protein load on each gel was from an equal weight of insect (3 g 
each). 
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Figure 5-7: Changes in expression of DNP-GSH affinity-purified proteins in different developmental stages of L. cuprina. 
Zones A, B and C from Figure 5-6 are shown in enlarged images to give the clear numbering of the spots. The numbered spots were identified by MALDI-
TOF and confirmed their identity with the previous identification of DNP-GSH affinity-purified proteins from adult L. cuprina reported in section 4.3.3, Table 
4-13 and for the tentative classification of numbered spots of Zone A, B and C details refer to section 4.3.3, Table 4-14 accordingly. The proteins expressed in 
zone A were identified as Sigma GST (spot 1). Zone B proteins were tentatively identified as high M.W. Delta class GSTs (spots 2-4) and Mu-like GST (spot 
5). Spot 6 - not characterised. Zone C proteins were identified as the Epsilon GSTs. 
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Figure 5-8: Changes in expression of DNP-GSH affinity-purified proteins in different developmental stages of L. cuprina. 
Zones D and E from Figure 5-6 are shown in enlarged images to give the clear numbering of the spots. The numbered spots were identified by MALDI-TOF 
and confirmed their identity with the previous identification of DNP-GSH affinity-purified proteins from adult L. cuprina reported in section 4.3.3, Table 4-13 
and for the tentative classification of numbered spots of zone D details, refer to section 4.3.3, Table 4-14 accordingly. The proteins expressed in zone D were 
tentatively identified as the Delta class of GSTs with lower M.W. (spot 10 and 12), Mu-like GSTs (spot 11 and 13) and Rab proteins (spot 14 and 15). Proteins 
in zone E were not characterised previously as adult did not show their expression on 2D gel. For the identification and tentative characterisation of zone E 
proteins, refer to Table 5-2 and Table 5-3. The sequence alignment with matched GST class is shown in Figure 5-9 and Figure 5-10. 
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Table 5-2: Identification of spots present in Zone E in Figure 5-8. 
The proteins in zone E were obtained from the DNP-GSH affinity-purified fractions of L. cuprina separated over a pH range of 4-7 (Figure 5-6) using 2D gel 
electrophoresis as described in section 3.2.7.2. The proteins were identified using MALDI-TOF MS peptide mass fingerprinting. Protein spots are as 
numbered in Figure 5-8 E. Z score, the sequence coverage and the number of matched peptides are reported as obtained from Profound. In addition to the 
protein name, the Swiss-Prot/TrEMBL accession numbers, the computed and experimental molecular mass and isoelectric point are given. Identification was 
made by using D. melanogaster and Other Metazoa NCBInr fragmentation databases. A protein Z score greater than 1.65 is significant in Profound. The 
tentative classification of GSTs was assigned by aligning the matched peptides of each spot from mass-fingerprinting data against GST consensus sequences 
(see section 4.3.3) and clustalW2 scores obtained. See Table 5-4 and Figure 5-9 and Figure 5-10 for sequences and alignment.  
 
 
The Z score for spot 2 is low. 
 
Spot 
No. 
NCBInr 
Accession (Tgi) 
Matched protein GST class 
predicted 
Predicted 
 Mr/pI 
Experimental 
Mr/pI 
Number of matched 
peptides 
Coverage 
(%) 
Z score 
1* No Identification was obtained due to the low intensity of spot 1 
2* 221116269 GST_ Hydra magnipapillata Mu 22.09/5.5 26/5.5 5 33 1.05 
3* 170586932 GST_ Brugia malayi Mu 24.44/6.8 26/5.6 4 16 2.43 
 28630830 GST_ Wuchereria bancrofti Mu 24.44/6.8 26/5.7 4 16 2.43 
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Table 5-3: Assignment of class of GST using the ClustalW2 programme. 
 
The peptides of L. cuprina DNP-GSH affinity-purified zone E spots on 2D gel  matched against ―Other Metazoa‖ were aligned with consensus sequences of 
insect GSTs using the ClustalW2 alignment programme. The highest match score is highlighted in red text. The identification of each spot is shown in Table 
5-2. 
Spot 
No. 
L. cuprina Spots on 2D gel identified 
in other metazoa 
 
Alignment with consensus sequences of Insect GST classes 
ClustalW2  Score 
Predicted 
GST Class 
Sigma Delta Epsilon O mega Zeta Theta Xi Iota Mu  
___________________________________________________________________________________________________________________________________________________________________________ 
1* No Identification was obtained.  
2* 
gi|221116269|ref|XP_002156386.1|  PREDICTED: 
similar to mu-class glutathione s-transferase 
 [Hydra magnipapillata] 
26 20 20 17 14 9 22 22 53 Mu 
3* 
gi|170586932|ref|XP_001898233.1|  glutathione 
transferase [Brugia malayi] 16 11 6 9 11 11 13 13 23 Mu 
 
gi|28630830|gb|AAO45827.1|   
glutathione S-transferase [Wuchereria bancrofti]           
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Spot 2*      
A 
 
 
B 
 
 
Figure 5-9: A tentative approach to classify the spot 2* GST by matching to consensus 
sequences of GST classes from other species. 
A) The peptide sequences of matched GST of spot 2* in Hydra magnipapillata (a fresh 
water polyp, commonly known as Hydra) when aligned with the consensus sequences of 
GST classes from other species, were matched to Mu GSTs. Sequences were aligned using 
ClustalW2 and the result is presented as phylogram tree showing the distance figures. B) The 
alignment of matched peptide sequences of spot 2* with Mu GST consensus sequence.  
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Spot 3*      
A 
 
      B 
 
 
Figure 5-10:  A tentative approach to classify the spot 3* GST by matching to consensus 
sequences of GST classes from other species. 
A) The peptide sequences of matched GST of spot 3* in Brugia malayi or Wuchereria 
bancrofti (Nematodes, causative agents of lymphatic filariasis in humans) when aligned with 
the consensus sequences of GST classes from other species, were closely matched to Mu 
GSTs. Sequences were aligned using ClustalW2 and the result is presented as phylogram 
tree showing the distance figures. B) The alignment of matched peptide sequences with Mu 
GST consensus sequence.  
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Figure 5-11: Quantitation of differentially expressed DNP-GSH purified GSTs in 
developmental stages of L. cuprina. 
Quantitative analysis of digitized images was carried out using ImageQuant (Version 5.2, 
Molecular Dynamics) software. Values are the mean of at least three independent 
experiments with three measurements in each. Error bars represent standard deviation. The 
spot numbers of each zone are as per Figure 5-7. N. D = not determined.  
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Figure 5-12: Quantitation of differentially expressed DNP-GSH purified GSTs in 
developmental stages of L. cuprina. 
Quantitative analysis of digitized images was carried out using ImageQuant (Version 5.2, 
Molecular Dynamics) software. Values are the mean of at least three independent 
experiments with three measurements in each. Error bars represent standard deviation. The 
spot numbers of each zone are as per Figure 5-8. N. D = not determined 
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Sigma GST found in zone A, was undoubtedly present abundantly in the 
adult stage. It was interesting to note that in DNP-GSH purified GSTs, zone B GSTs 
(Delta GSTs with high M.W. and possibly Mu-like GST) were expressed in much 
greater quantity in the larval stage (p<0.05) than egg and pupal stages but there was 
no significant difference between larvae and adult (p>0.05) for the spots 2 and 3 
(high M.W. Delta). The total Epsilon GSTs in zone C (spots 7, 8 and 9) were highly 
expressed in the adult stage having a significant (p<0.05) difference of 2-fold 
compared to all other stages. In zone D, the only spots expressed differently between 
stages were spots 14 and 15 (Figure 5-8), which were identified as Rab proteins. The 
volume of spot 14 was significantly (p<0.05) greater in larvae and adult than other 
stages whereas the spot 15 was expressed significantly (p<0.05) high in quantity in 
larvae and pupae. Zone E GSTs were expressed in much greater quantity in the egg 
stage having significant (p<0.05) 14- and 18-fold difference for total spots 1*, 2* and 
3* compared to larvae and pupae respectively. Zone E GSTs were absent in the adult 
phase. These GSTs have been tentatively identified as Mu-like GSTs (Table 5-2). 
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5.4 Insect body distribution of GSTs 
The head, thorax and abdomen were dissected from the adult L. cuprina 
(PY81 strain) flies in the laboratory on a glass plate on ice. The dissected body parts 
were homogenised separately and GSTs were purified using affinity chromatography 
as described in the section 3.2. Initially the GSH affinity matrix was used and the 
unbound fractions from the GSH column were applied to DNP-GSH affinity matrix 
for the further purification of GSTs.  To measure the mass proportion of head, thorax 
and abdomen of an adult fly, 20 adult flies were dissected and head, thorax and 
abdomen were weighed which found to be 15%, 53% and 32% respectively of the 
whole body mass of the adult L. cuprina. In the current set of experiments, the 
purification of GSTs was carried out using an equal mass of the tissue of head, 
thorax and abdomen (1 g each) to compare the expression of GSTs. However, in a 
whole fly the distribution of GST varies due to the different proportions of the head, 
thorax and abdomen of the insect (1:3.53:2.13 respectively). One gram of L. cuprina 
heads was obtained from dissection of approximately 1000 flies; the thorax and 
abdomen were taken during this dissection. Usually for 1g of thorax, approximately 
285 flies and for 1 g of abdomen approximately 485 flies were required.  
Enzyme activity distribution in these main body regions of the adult fly is 
shown in Table 5-4. GST activity with CDNB found in crude and affinity-purified 
fractions of thorax was significantly higher than abdomen (p<0.05) and head GSTs 
(p<0.05). The abdomen also showed slightly higher levels of GST activity with 
CDNB than head region.  
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Table 5-4: Distribution of the total GST activity in adults of L. cuprina towards CDNB. 
Values represent mean ± S.D. of three individual experiments.  
 
  
 
 
 
 
The result of affinity-purification of GSTs from different body parts is shown 
in Figure 5-13. When the comparison was made between the amount of protein 
expressed in equal mass of body parts (1 g each), the thorax values were significantly 
(p<0.05) higher than for abdomen but there was no significant difference between 
the quantity of expressed proteins in head and thorax (Figure 5-13, A, Total protein). 
However, unsurprisingly the result changes if the figures are expressed as function of 
the mass of flies (1 g) with different body proportions. The thorax expresses 
significantly (p<0.05) higher amount of GSTs than head and abdomen (Figure 5-13, 
B, Total protein). The total GST activity of the thorax crude preparation was higher 
than in head or abdomen irrespective of the comparison but the specific activity was 
higher in abdomen GSTs. The total activity of GSH affinity-purified fractions from 
thorax showed significantly (p<0.05) higher activity towards CDNB compared to 
head and abdomen. However, the specific activity of GSH-affinity-purified fractions 
from the head showed significantly (p<0.05) higher activity towards CDNB 
compared to thorax and abdomen. The specific activity of DNP-GSH purified-GSTs 
from head and thorax was higher than from abdomen but no significant difference 
was found (Figure 5-13). 
Insect body part 
 
Distribution (%) 
Crude B. GSH B. DNP-GSH 
Head 15 ± 3.0 15 ± 7.0 21 ± 7.4 
Thorax 65 ± 14 66 ± 14 48 ± 19 
Abdomen 20 ± 5.0 19 ± 3.2 30 ± 4 
Whole body 100 100 100 
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Figure 5-13: Comparative study of GST production and activity towards CDNB from 
different stages of purification of head, thorax and abdomen. 
A) Values from the equal mass of body parts (1 g each), B) Values adjusted to 1g of adult 
flies which contain different masses of head, thorax and abdomen. Assays were undertaken 
following the methods in section 3.2.4. The values are from three independent experiments 
with triplicate measurements within each experiment. Error bars represent standard 
deviation. 
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Figure 5-14: Substrate-specific total activity of crude and affinity-purified GSTs from head, 
thorax and abdomen towards the model substrates. 
A) Crude GSTs, B) GSH affinity-purified GSTs. C) DNP-GSH affinity-purified GSTs. 
Homogenates of head, thorax and abdomen (1g each) were used as the crude enzyme source 
and purified by GSH affinity matrix and subsequently by DNP-GSH affinity matrix. Total 
activity values are given as μmol/min. Assays were undertaken following the methods in 
section 3.2.4. The values are from three independent experiments with triplicate 
measurements within each experiment. Error bars represent standard deviation. 
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Figure 5-15: Substrate-specific specific activity of crude and affinity-purified GSTs from 
head, thorax and abdomen towards the model substrates. 
A) Crude GSTs, B) GSH affinity-purified GSTs, C) DNP-GSH affinity-purified GSTs. 
Homogenates of head, thorax and abdomen (1g each) were used as the crude enzyme source 
and purified by GSH affinity matrix and subsequently by DNP-GSH affinity matrix. Specific 
activity values are given as μmol/min/mg of protein. Assays were undertaken following the 
methods in section 3.2.4. The values are from three independent experiments with triplicate 
measurements within each experiment. Error bars represent standard deviation
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The GST activities towards the model substrates provided valuable 
information about GSTs expressed in different body parts of the fly. The cytosolic 
GSTs from thorax had the highest total activity with the substrates CDNB, NPA and 
TNE compared to head and abdomen GSTs. The GSH affinity-purified GSTs from 
thorax showed the highest activity with CDNB, TNE and NPA. There was not much 
difference in DNP-GSH purified GSTs from the head, thorax and abdomen except 
the activity towards DCNB was higher in head and thorax compared to abdomen. 
 
However in terms of specific activity, the cytosolic GSTs from the abdomen 
showed the highest activity towards most of the substrates employed. There was 
significant (p<0.05) difference in activities towards DHA, TNE and NPA but no 
significant difference was found towards CDNB and DCNB. The head GSTs purified 
from the GSH affinity matrix showed significantly (p<0.05) higher specificity 
towards CDNB compared to thorax and abdomen GSTs. However, there was almost 
no activity towards NPA and DHA found from the GSH affinity-purified head GSTs. 
Interestingly, the abdomen GSH-affinity purified GSTs showed higher activity 
towards DCNB compared to head and thorax. The DNP-GSH purified GSTs from 
head showed higher activity towards CDNB and DCNB compared to thorax and 
abdomen. It is difficult to characterise the type of GSTs expressed, due to their 
overlapping substrate specificity from the above results. Therefore the protein 
extracts from all three body parts were individually subjected to electrophoresis to 
characterise the GSTs expressed as shown in Figure 5-16. 
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Figure 5-16: SDS PAGE of affinity-purified fractions of head, thorax and abdomen of L. 
cuprina. 
Lane M is a M.W. marker. Lanes 1-3 are bound GSH fractions and Lanes 4-6 are of bound 
DNP-GSH fractions from head, thorax and abdomen respectively. Homogenates of head, 
thorax and abdomen (1g each) were used as the crude enzyme source and purified by GSH 
affinity matrix and subsequently by DNP-GSH affinity matrix. The protein load on the gel 
was according to equal volume of purified extracts from equal mass of tissue (1 g each). The 
gel was stained with Coomassie Blue G-250. 
The GSH affinity-purified fractions showed that thorax expresses a 
significantly higher amount of proteins in the form of Sigma (~ M.W. 30 kDa) and 
Delta (~ M.W. 23 kDa) GSTs (p<0.05; 5.7- and 3.2-fold) compared to head and 
abdomen respectively. The abdomen fractions however showed the presence of many 
bands in the M.W. range of the GSTs that may be due to the degradation of Sigma 
GSTs. The DNP-GSH fractions showed expression of two additional bands other 
than Sigma and Delta GSTs in all three extracts with varying intensity. However the 
difference in amount of protein recovered from the DNP-GSH matrix was not 
significant between head and thorax but it was significantly higher (p<0.05; 1.2-fold) 
in thorax compared to abdomen. As observed before, the DNP-GSH matrix showed 
affinity towards proteins of high M.W. as seen in lanes 4-6 in Figure 5-16. The GSH 
175 
 
and DNP-GSH affinity-purified fractions were further resolved by 2D 
electrophoresis.  
 
 
 
Figure 5-17: Two dimensional electrophoresis gels of GSH affinity-purified fractions from 
head, thorax and abdomen of L. cuprina. 
GSH affinity-purified GSTs from head, thorax and abdomen (1g each) were separated in the 
first dimension on a 7 cm pH 3-10 linear IPG strip and then in the second dimension on a 
SDS-PAGE gel. The gels were stained by Coomassie Brilliant Blue G-250. The protein load 
on the gels was according to equal volume of purified extracts from the equal tissue (1 g 
each) of head, thorax and abdomen.  
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Figure 5-18: Differential expression of Sigma and Delta GSTs on 2D gel of GSH affinity-
purified extracts from head, thorax and abdomen. 
The images of Sigma and Delta GST zones from head, thorax and abdomen of  
Figure 5-17 are enlarged for the clear numbering of the spots. The numbered spots were 
identified by MALDI-TOF and their identity confirmed with the previous identification of 
GSH affinity-purified proteins from adult L. cuprina reported in section 4.3.3, Table 4-10. 
The additional spots x, y, z were assumed as Delta GSTs based on the M.W. 
 
The number of Delta spots produced in the GSH affinity-purified fractions 
from different body parts (8 spots, additional spots x, y, z, Figure 5-18) is more than 
the whole adult fly (5 spots, Figure 5-4). The possible explanation for this could be 
that minor Delta spots do not get resolved significantly when whole adult flies are 
processed on the 2D electrophoresis gel. The intensity of the Delta GST zones varies 
among the different parts of the body. The abdomen shows an increase in the 
intensity with increase in the pI whereas this does not happen with the Delta GSTs of 
the thorax. In the Sigma zone, additional spot 2a represents a collection of small 
spots resulting, possibly, from spot 1 or from spot 2 degradation (Alias and Clark, 
2007). 
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It was interesting to see that when comparison was made with the equal mass 
of body parts (1 g each), the abdomen always expressed a lesser quantity of GSTs on 
a gel compared to head and thorax. However, this result will differ if 1 g of whole 
flies were used. To understand the actual quantitative expression of GSTs in the fly, 
the analysis was carried out using ImageQuant
 
software and the values of equal mass 
of body parts (1 g each) were normalised according to body parts of 1 g of flies. 
 
Figure 5-19: Quantification of the GSH affinity-purified protein spots expressed in head, 
thorax and abdomen of L. cuprina 
Quantitative analysis of the digitized images was carried out using ImageQuant (Version 5.2, 
Molecular Dynamics) software. A) Spot volume from equal mass of each body parts head, 
thorax and abdomen (1 g each). B) Spot volume from the body parts of mass of flies (1g). 
Values are the mean of at least three independent experiments with three measurements in 
each. Error bars represent standard deviation. The spot numbers are as per Figure 5-18. Spots 
1 and 2 are shown alongside to full scale. The value on top of the bar shows corresponding 
volume of the spot. 
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This quantitative analysis indicated a higher expression of GST proteins in the thorax 
followed by abdomen and head. In the Sigma zone, spots 1 and 2 were quantitatively 
highest in the thorax but the region 2a in the abdomen showed many spots possibly 
suggesting increased degradation of the Sigma GST (Figure 5-19). 
 
 
Figure 5-20: Two dimensional electrophoresis gels of DNP-GSH affinity-purified fractions 
of head, thorax and abdomen of L. cuprina. 
DNP-GSH affinity-purified GSTs from head, thorax and abdomen were separated in the first 
dimension on a 7 cm pH 4-7 linear IPG strip and then in the second dimension on a SDS-
PAGE gel. The gels were stained by Coomassie Brilliant Blue G-250. The protein load on 
above gel was obtained from an equal volume of purified extracts from equal masses of 
tissue of head, thorax and abdomen (1 g each). The spots of zone A, B, C and D are as 
numbered in Figure 5-7 and Figure 5-8 and their tentative identification details are as in 
section 4.3.3 (Table 4-13 and Table 4-14). 
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Figure 5-21: Quantification of the DNP-GSH affinity-purified protein spots expressed in 
head, thorax and abdomen of L. cuprina. 
Quantitative analysis of the digitized images shown in Figure 5-20 was carried out using 
ImageQuant (Version 5.2, Molecular Dynamics) software. A) Spot volume from equal mass 
of each body parts head, thorax and abdomen (1 g each). B) Spot volume from the body parts 
of 1 g of flies. Values are the mean of at least three independent experiments with three 
measurements in each. Error bars represent standard deviation. The values in B have been 
calculated according to the proportion of each main region of the fly.  
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There were notable differences in the expression of GSTs that were purified 
by the DNP-GSH affinity matrix from head, thorax and abdomen (Figure 5-20). The 
zone B GSTs, which include those tentatively identified as Delta GSTs with high 
M.W. and Mu-like GST, were more strongly observed on the 2D gel of the head 
region compared to thorax and abdomen on the basis of equal mass of each body part 
in head, thorax, abdomen. The comparison with the body parts of 1 g flies shown in 
Figure 5-21 also showed the higher expression of these GSTs in the head region. On 
the basis of equal masses of body parts, the tentatively identified Epsilon GSTs (zone 
C) were expressed in slightly higher quantity in abdomen compared to head and 
thorax. However, on the basis of 1 g of flies, the thorax expressed more Epsilon 
GSTs (zone C). On the basis of equal mass of body parts (1 g each), Zone D proteins, 
which included tentatively identified Delta GSTs with low M.W., Mu-like GSTs and 
Rab proteins were expressed significantly higher in thorax compared to head and 
abdomen (p<0.05; 1.1- and 2.5-fold respectively) but when compared with body 
parts from 1 g of flies, the thorax expressed zone D proteins significantly higher than 
head and abdomen (p<0.05; 4- and 4.2-fold respectively). After GSH affinity 
chromatography, the remaining Sigma GST (zone A) was found only in thorax and 
abdomen fractions. The reason for the poor resolution of Sigma GST on the pI scale 
of these 2D gels is not clear. It could be due to experimental handling during sample 
preparation but then other spots were resolved precisely, so the reason is not known. 
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5.5 Discussion 
The ontogenic pattern of GST activity towards five substrates was studied. 
GST isoenzymes expressed during the development of L. cuprina were purified by 
GSH and DNP-GSH affinity chromatography as described in section 3.2. Purified 
GSTs were resolved by 2D electrophoresis. The importance of this procedure is that 
different activity patterns against three to five substrates are indicative of the 
existence of multiple isoenzymic forms and the use of proteomics confirms that. 
  It is suggested in several reports that an alteration of the specific 
characteristics of each GST isoenzyme may occur during different developmental 
stages of the insect (Hazelton and Lang, 1983; Kostaropoulos et al., 1996; 
Kostaropoulos and Papadopoulos, 1998; Kotze and Rose, 1987; Wood et al., 1986). 
On the basis of substrate specificities several ontogenic studies have also been 
reported for mammals (Gregus et al., 1985) and for embryonic stages of the frog 
Bufo bufo (Del Boccio et al., 1987). The result of the present study is in agreement 
with the ontogenic model study of L. cuprina by Kotze and Rose (1987) who showed 
the cytosolic GST activity towards CDNB is highest in the pupae compared to other 
stages. Kotze and Rose studied day-wise developmental stages of L. cuprina in 
detail. They reported that the cytosolic GST activity increased rapidly through the 
larval stage and reached a peak in the early pupae. It then decreased through the first 
6-7 days after emergence of the adult. Activity was then approximately constant for 
the remainder of the adult stage. In the present study eggs, larvae, pupae and adult 
were of the mixed ages and the day of emergence of adults was not determined. A. 
aegypti, L. cuprina and T. molitor have been shown to exhibit a similar ontogenic 
pattern, i.e highest GST activity is found in the pupal stage while in the adult the 
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activity is very low (Hazelton and Lang, 1983; Kostaropoulos et al., 1996; Kotze and 
Rose, 1987).  A somewhat similar pattern of GST activity with age was reported by 
Hazelton and Lang in Aedes aegypti (Hazelton and Lang, 1983).  In mosquitoes, 
conjugating activities for CDNB and DCNB increased rapidly during the larval and 
pupal stages to reach a peak in the newly emerged adult and then declined sharply 
over the 5 days after emergence (Hazelton and Lang, 1983). In the present work, the 
GSH affinity-purified GSTs from pupae also showed the highest specific activity 
towards CDNB and TNE, a lipid peroxidation product formed under conditions of 
oxidative stress (Agianian et al., 2003; Singh et al., 2001). This may be an 
evolutionary adaptation because pupae are immobile and therefore more vulnerable 
to unfavourable environmental conditions (Gillott, 1980) including the presence of 
toxic substances. Another reason may be the elevated biosynthesis and formation of 
adult tissues in the pupal stage (Doctor and Fristrom, 1985) and therefore high 
specific activity could be maintained to protect important biosynthetic pathways 
from inhibition by toxic substances both endogenous and exogenous.  
  The relatively low level of enzyme activity towards CDNB and DCNB in the 
adult stage compared to other developmental stages is also an important feature of 
the ontogenic models; this seems to be quite common in mammals (Fujita et al., 
1985; Gregus et al., 1985) and insects (Kotze and Rose, 1987; Stenersen et al., 
1987). Few exceptions are observed, although the insect Triatoma infestans and 
honeybee exhibit maximum GST activity in adults (Smirle and Winston, 1987; 
Wood et al., 1986). The differences in the specific activity could be attributed to the 
different isoenzymes present in the different developmental stages of the insect and 
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their preference for CDNB as well as the presence of some inhibitors that manifest 
their action in some stages more than in others (Hunaiti et al., 1995).  
The reported specific activity towards CDNB for the L. cuprina larvae in the 
present study is higher than that of the fruit-fly D. melanogaster (Hunaiti et al., 1995) 
and lower than that of Wiseana cervinata (Clark and Drake, 1984), insect Apis 
mellifera macedonica (Papadopoulos et al., 2004a) and the yellow-fever mosquito 
Aedes aegypti (Hazelton and Lang, 1983). Likewise, the specific activity of the L. 
cuprina adult enzyme is higher than adult D. melanogaster (0.08 vs 0.015 
µmol/min/mg)(Hunaiti et al., 1995) but lower than reported for the adult housefly 
(0.08 vs 0.23 µmol/min/mg) (Clark and Dauterman, 1982), the yellow-fever 
mosquito (0.08 vs 2.7 µmol/min/mg) (Hazelton and Lang, 1983) and the Apis 
mellifera macedonica (0.08 vs 0.6 µmol/min/mg) (Papadopoulos et al., 2004a). 
 Few studies have been reported for insect pupae. Hazelton and Lang (1983) 
reported a much higher specific activity for the pupae of the yellow-fever mosquito 
(5.3 µmol/min/mg) and Papadopoulos et al., (2004a) also reported higher specific 
activity for the pupae of Apis mellifera macedonica (0.6 µmol/min/mg) than 
observed for L. cuprina pupae (0.14 µmol/min/mg) in the present study. The specific 
activity of L. cuprina eggs (0.09 µmol/min/mg) was similar to the eggs of Apis 
mellifera macedonica (0.1 µmol/min/mg).  
The present work also studied the specific activities towards model substrates 
other than CDNB. The specific activities of GSH affinity-purified GSTs from pupae 
were significantly (p<0.05) higher towards CDNB and TNE. Interestingly, the larval 
GSH affinity-purified GSTs showed significantly (p<0.05) higher activity towards 
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DCNB and DHA. The specific activity towards DCNB was highest in the DNP-GSH 
affinity-purified larval and adult GSTs. The observed changes in the substrate 
specificity during the development of the insect may be explained in two ways, either 
by assuming alterations to the structure of the protein by post-translational 
modifications or by variation in the expression of different isoenzymes so that the 
insect meets the continuously changing demands of its development. Therefore 
proteomics was used to investigate the isoenzyme pattern expressed in the 
developmental stages.  
GSH affinity-purified fractions from eggs showed the presence of only Delta 
GST on the 1D gel. Sigma GST starts developing from the larval stage and is 
expressed abundantly in the adult stage. The literature suggests the involvement of 
Sigma GSTs in flight muscle (Clayton et al., 1998) and also in testis (Takemori and 
Yamamoto, 2009) in the adult D. melanogaster fly. This could be the reason for the 
massive expression of Sigma GST in the adult stage. The consistent presence of 
Delta GSTs in all developmental stages (egg, larvae, pupae and adult) suggests a role 
for Delta GSTs in the general defence against toxic chemicals that they might be 
exposed to. While studying the developmental stages of D. melanogaster, Alias 
(2006) also found a higher expression of Sigma GST in the adult and showed the 
relative expression of GSTS1 among the developmental stages. However, (Hunaiti et 
al., 1995)  reported the presence of Sigma GST only in the adult stage of D. 
melanogaster which is in contrast to our findings. The result reported here was also 
supported by the finding that gstS1 mRNA was detectable in developmental stages 
by Beall et al., 1992.  
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The GSTs expressed in all stages differ quantitatively. The DNP-GSH affinity 
chromatography showed the presence of tentatively identified Mu-like GSTs (Zone E 
in Figure 5-6) which are present in egg, larvae and pupae but totally absent in the 
adult stage. However, literature suggests that Mu GSTs are not found in insects 
(Enayati et al., 2005) and a firm characterisation of these will need further research. 
The identification of these Mu-like GSTs will be discussed in section 8.1.2. The 
tentatively identified Epsilon GSTs are more prominent in the adult stage compared 
to other developmental stages. Thus multiple GST isoenzymes have been shown to 
be expressed differentially in different developmental stages of L. cuprina.  
Interestingly, expression of particular GSTs is often confined to specific 
tissues. So far most of the studies on the location of invertebrate GSTs have been 
carried out using protein extracts from dissected tissues and GSTs have been 
detected through their catalytic activities against the model substrates like CDNB and 
DCNB (Franciosa and Berge, 1995; Kotze and Rose, 1987). In the present study, in 
addition to CDNB and DCNB, three other substrates DHA, NPA and TNE were also 
used to study the catalytic activity of GSTs expressed in different tissues. The GSTs 
from head, thorax and abdomen were purified by GSH and DNP-GSH affinity 
chromatography. The protein found in the crude preparation of thorax as well as in 
the GSH affinity chromatography isolates had the highest total GST activity towards 
CDNB compared to head and abdomen (Figure 5-14). This may be explained by the 
important role of the thorax GSTs in flight muscles as well as detoxification (Clayton 
et al., 1998). However, crude enzymes from abdomen showed the highest specific 
activity compared to head and thorax towards all the substrates employed except 
DCNB (Figure 5-15). There was no significant difference in DCNB activity found 
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between cytosolic GSTs of head, thorax and abdomen. This result presented here is 
not in agreement with the study by Kotze and Rose (1987). They studied GST 
activity towards DCNB in the main body regions of the adult L. cuprina female fly 
and reported the abdomen is more active compared to head and thorax. Similarly, 
Saleh et al. (1978) reported that 60-65% of activity towards DCNB was localised in 
the abdomen in the 6-day-old housefly.  
In the present study, the GSH affinity-purified GSTs from the head showed 
the highest specific activity towards CDNB and TNE. The DNP-GSH affinity-
purified fractions from head showed the highest specific activity towards CDNB and 
DCNB.  
Although, substrate-specific profiling leads to interesting observations, it 
alone cannot distinguish between GST classes. Therefore, the location of the GSTs 
of L. cuprina was examined through proteomic methods. Two dimensional 
electrophoresis on GSH affinity-purified GSTs revealed interesting isoenzymic 
patterns. Two GST isoenzymes (Sigma and Delta) were always present in all main 
regions however the intensity of the spots varied markedly in different parts. The 
―laddering behaviour‖ (possibly due to degradation) of the Sigma GST suggests the 
possibility of proteolytic physiological processing (Alias and Clark, 2007). 
Additional spots (x, y, and z) of supposed Delta GSTs were resolved on 2D gel of 
head and thorax; however abdomen appeared to lack some of the Delta GSTs. The 
DNP-GSH affinity-purified GSTs also showed variation in expression of proteins of 
each zone. It is notable that the high M.W. Delta GSTs (which resembled D. 
melanogaster CG17639) were present in greatest quantity in the head. Literature 
suggests that in Manduca sexta, this type of GST was found in antennae and may 
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play an important role in processing of odorant signals (Rogers et al., 1999) and this 
is consistent with the results in L. cuprina. Furthermore, these isoforms are expressed 
most in larvae and adult life stages where an olfactory response may be important. 
There are reports available suggesting the presence of Delta GST in the central 
nervous system and indirect flight muscle cells (Franciosa and Berge, 1995) and in 
invertebrates, GSTs were also detected in the same tissues (Cammer et al., 1989; 
Campbell et al., 1990; Singhal et al., 1991).  
In summary, the work presented in this chapter attempted to find out if the 
GST proteome changes during the developmental stages of L. cuprina and between 
different body parts of an adult fly. It was observed that the GST isoenzymes are 
expressed very differently in different developmental stages qualitatively and 
quantitatively. Sigma GST is absent in eggs whereas eggs express some Mu-like 
GSTs which are totally absent in the adult stage. The abdomen shows the highest 
specific activity towards TNE, suggesting an important role of abdomen GSTs in 
detoxification of products of oxygen toxicity. 
 
With this information of the GST expression profile in L. cuprina, our next 
step was to study role of GSTs in insecticide resistance, aiming to answer the 
following questions: 
 Is the expression of the L. cuprina GST proteome elevated in insecticide 
resistant strains? 
 Do the L. cuprina GSTs from resistant insects have greater capacity to 
metabolise insecticides in vitro? 
Chapter 6 attempts to answer these questions by studying GSTs in organophosphate 
susceptible and resistant strains of L. cuprina. 
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6 Involvement of glutathione S-transferases in the 
development of insecticide resistance in Lucilia cuprina 
6.1 Introduction 
The aim of this chapter was to study the proteome of GSTs in the context of 
development of insecticide resistance in L. cuprina. The GST proteome of 
organophosphate (OP) susceptible and resistant strains have been compared and 
ability of the GSTs to metabolise insecticides in vitro has been studied. 
 Insecticide resistance can be explained in terms of several biochemical 
mechanisms. As described earlier, these include target-site resistance, penetration, 
efflux and detoxification-based resistance (Hemingway et al., 2002). In the former 
the target has reduced affinity for the insecticides and the latter occurs when 
enhanced levels or modified activities of phosphatases (Srinivas et al., 2004), 
esterases (Hemingway and Karunaratne, 1998; Rodriguez et al., 2010) oxidases 
(Vulule et al., 1999; Hemingway et al., 2004; Komagata et al., 2010), or GSTs 
(Motoyama and Dauterman, 1980; Clark and Shamaan, 1984; Lumjuan et al., 2005) 
destroy the insecticide reducing its concentration at its site of action. Trying to 
determine whether a specific GST is involved in the development of resistance to a 
particular insecticide is difficult, as it has been shown that most organisms have 
multiple GSTs and that ability to detoxify an insecticide may derive from increased 
levels of only a minor GST (Clark, 1989) or a combination of GSTs (Motoyama and 
Dauterman, 1980). Increases in the amount of GST enzymes have been reported to 
result from gene amplification or more commonly through increases in 
transcriptional rate, rather than expression of new isoforms (Ranson et al., 2004). 
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Increased GST activity in resistance was first identified in OP resistance 
(Hayes and Wolf, 1988) and so far GSTs have been implicated in OP resistance in 
many insect species. The involvement of GSTs in the metabolism of 
organophosphate pesticides was shown for the first time by (Fukami and Shishido, 
1966). They found demethylation of methyl parathion by glutathione catalyzed by 
the cytosolic fraction of rat liver or insect homogenates and the direct product of this 
reaction, S-methyl glutathione was subsequently identified. Benke et al. also reported 
that methyl parathion is biotransformed via a glutathione-dependent pathway in rat 
and mouse liver fractions (Benke et al., 1974; Benke and Murphy, 1975). 
Recombinant GST enzymes from the diamondback moth and housefly have verified 
the role of these enzymes in OP metabolism (Cho et al., 2001; Ichijo et al., 1997). In 
organophosphates, detoxification may occur via O-dealkylation or O-dearylation 
reactions. In O-dealkylation, glutathione is conjugated with the alkyl portion of the 
insecticide (Oppenoorth et al., 1979) whereas the reaction of glutathione with an 
aromatic leaving group is an O-dearylation reaction (Chiang and Sun, 1993) (see 
Figure 1-11). Some of the examples of these reactions with OP insecticides are 
shown in Figure 6-1. 
 
 
 
Figure 6-1:  OP insecticides being metabolised by GSTs via dealkylation and dearylation 
reactions. 
1) Diazinon; 2) Chlorpyrifos.  The arrows show the site of attack by GST. 
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Resistance to parathion, diazinon and diazoxon in a resistant strain of 
housefly was caused by an increase in GST activity via deethylation of these 
insecticides (Lewis, 1969; Lewis and Sawicki, 1971). GSTs can also catalyze 
detoxification of the secondary metabolites of OP insecticides. This insecticide class 
is often applied in its non-insecticidal phosphorothionate form and activated to the 
insecticidal oxon form by the action of cytochrome P450s in the insect (Hemingway 
et al., 2004). GSTs that can detoxify the active oxon analogue have been described in 
mosquitoes and elevated activity of these enzymes is a cause of OP resistance in 
Anopheles subpictus (Hemingway et al., 1991b).  
High levels of GST activity towards DCNB and CDNB have been shown to 
be associated with OP resistance in resistant insects. Ottea and Plapp (1981) found 
out that GST activity toward DCNB was higher in the Rutgers diazinon-R housefly 
strain than the susceptible SBO strain. Elevated GST activity (DCNB) was 
consistently associated with azinphosmethyl resistance in the tufted apple bud moth, 
Platynota idaeusalis (Carlini et al., 1995) and light brown apple moth (Armstrong 
and Suckling, 1990). In several field strains of the fall armyworm, increased GST 
activity towards both DCNB and CDNB was associated with resistance to 
pyrethroid, organophosphorus and carbamate insecticides (Yu, 1992). Cochrane et al. 
documented that malathion resistance in D. melanogaster was associated with 
elevated levels of two GST isoenzymes (Cochrane et al., 1992). Higher DCNB 
activity was also detected in the multi-resistant Rutgers strain of housefly 
(Motoyama and Dauterman, 1977) and in resistant field strains of the sheep blowfly, 
L. cuprina (Wilson, 1999; Wilson and Clark, 1996). 
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Clark and Shamaan (1984) reported that the detoxification of DDT by 
dehydrochlorination is catalyzed by a GST in Musca domestica. Initially the 
enzymes catalysing this reaction had not been identified as GSTs because of the lack 
of DDT dehydrochlorinase activity in some purified GSTs. However, strong 
evidence was provided when three enzymes with CDNB conjugation activity were 
isolated from a DDT resistant strain of housefly. Out of these, two were active with 
DDT as a substrate. The DDT dehydrochlorination reaction was proposed to proceed 
via a base abstraction of hydrogen, catalyzed by the thiolate anion generated in the 
active site of the GST, leading to the elimination of chloride from DDT, generating 
DDE (1,1-bis-(4-chlorophenyl)-2,2-dichloroethene) (Clark and Shamaan, 1984). An 
increased rate of dehydrochlorination confers resistance to DDT in Aedes  aegypti  
(Grant et al., 1991) and Anopheles gambiae (Prapanthadara et al., 1993). 
In the metabolism of pyrethroid insecticides, previous reports suggested that 
GSTs detoxify the lipid peroxidation products induced by pyrethroids and thus 
confer indirect resistance (Vontas et al., 2001). They may also protect against 
pyrethroid toxicity in insects by sequestering the insecticides (Kostaropoulos et al., 
2001a; Prapanthadara et al., 1993).  However, a recent report suggests that GSTs 
may also be responsible for the direct dechlorination of and resistance to permethrin 
in the Silk Moth, Bombyx mori (Yamamoto et al., 2009b).
 
Pyrethroid resistance 
related to GSTs has been reported in mosquitoes (Liu et al., 2006; Singh et al., 
2002), houseflies (Liu and Yue, 2001) and cotton bollworm (Martin et al., 2002). 
Different GST isoforms may be involved in detoxification functions in 
different species. Generally it has been observed that the isoenzymes responsible for 
these detoxification reactions come from the Delta and Epsilon families. There are 
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several reports available demonstrating that elevated levels of Delta class GSTs have 
been implicated in resistance to all the major classes of insecticides in Drosophila 
melanogaster, in the rice brown planthopper, Nilaparvata lugens and in Musca 
domestica (Tang and Tu, 1994; Vontas et al., 2002; Wang et al., 1991). Epsilon 
GSTs also play a very important role in detoxification of insecticides in the 
Diamondback Moth, Plutella xylostella, in the malaria vector Anopheles gambiae 
and in Blattella germanica (Huang et al., 1998; Ortelli et al., 2003; Wei et al., 2001). 
Insect Sigma GST has been shown to be catalytically active  with the lipid 
peroxidation product, 4-hydroxynonenal (4-HNE) (Singh et al., 2001). The Delta and 
Epsilon classes of GSTs have also been reported to exhibit peroxidase activity in 
Nilaparvata lugens (Ortelli et al., 2003; Vontas et al., 2001) and in Anopheles 
gambiae (Ortelli et al., 2003). Zeta GST appears to be responsible for the resistance 
to permethrin in the Silk Moth, Bombyx mori (Yamamoto et al., 2009b), Omega GST 
appears to be associated with resistance to the organophosphate fenitrothion in a 
different strain of Bombyx mori (Yamamoto et al., 2009a). Recently, a Xi isoform 
has been identified uniquely in mosquitoes and appears to be associated with DDT 
resistance in a South American strain of Aedes aegypti (Grant and Hammock, 1992; 
Lumjuan et al., 2007). In addition to the above complexity, members of a particular 
family are likely to have broad and overlapping substrate specificities so that 
collectively they offer an extraordinarily wide protection against chemical agents in 
insects.  
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6.1.1 The Lucilia cuprina enzyme system and insecticide resistance 
The sheep blowfly, L. cuprina, is a pest of economic significance to the sheep 
meat and wool industries and its development of resistance to insecticides is a matter 
of concern. This insect has developed resistance towards organophosphate 
insecticides and organochlorine insecticides including dieldrin and aldrin in New 
Zealand (Gleeson et al., 1994; Hart, 1961) and also towards the chitin synthesis 
inhibitors (Batterham et al., 2006; Kotze et al., 1997). Diazinon resistance was not 
detected until 1965. By 1970 about 95% of flies were diazinon resistant in Australia 
(Levot, 1995). Many years before, in Australia, L. cuprina had demonstrated 
resistance to cyclodienes and carbamates (Hughes and McKenzie, 1987; Shanahan, 
1959). In the first instance, OP resistance has been shown to be due to the action of 
mutated carboxyl esterase (the E3 esterase) which acquires the ability to hydrolyse 
phosphate triester insecticides (Hughes and Raftos, 1985). In L. cuprina, the major 
gene responsible for the resistance against OPs is the Rop-1 gene, present on 
chromosome 4, that belongs to α-esterase gene family and encodes carboxylesterase 
E3. The diazinon resistant strains from L. cuprina were found to have an amino acid 
substitution in the active site of the E3 enzyme, Gly
137  
  Asp (Newcomb et al., 
1997a; Newcomb et al., 1997b). Later, in a malathion-resistant strain, it was found 
that a novel amino acid substitution Trp
251        
Leu in the active site of the enzyme 
was responsible for the resistance that developed (Campbell et al., 1998). Besides the 
esterases mediating resistance in insects, the monooxygenases also contribute 
towards resistance against insecticides. Kotze et al. studied resistant strains of L. 
cuprina larvae and showed a correlation between diazinon resistance and in vitro 
aldrin epoxidase activity (Kotze and Sales, 1995). Also, other studies in L. cuprina 
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have produced the evidence indicating strong correlations between resistance and the 
activity of glutathione S-transferases (Wilson and Clark, 1996).  
Proteomic analysis is a powerful tool to study alterations in protein 
expression in response to chemical selection. Therefore the expression of GSTs in 
the OP susceptible strains NSW and CSIRO (Australian standard laboratory strains) 
and the Diazinon-resistant strain PY81 (38x resistant, G. Lindsay and A.G. Clark, 
unpublished data) of L. cuprina has been studied in this chapter using proteomics 
with a view to evaluating the use of such techniques in this context. In parallel to 
that, the in vitro metabolism of insecticides by cytosolic and affinity-purified GSTs 
from susceptible and resistant strains was also studied using reverse-phase HPLC in 
order to assess the significance of GST as a mechanism of insecticide detoxification 
in these strains of L. cuprina.  
 
 
 
6.2 Objectives: 
 To profile the GST proteome of laboratory OP susceptible strains (NSW and 
CSIRO) and a resistant strain (PY81) of L. cuprina. 
 To assess the in vitro interaction of GSTs with insecticides using reverse-
phase HPLC. 
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6.3 Results: 
6.3.1 Purification of GSTs from susceptible and resistant strains of            
Lucilia cuprina 
A comparative analysis was performed between organophosphate susceptible 
(NSW and CSIRO) and resistant (PY81) strains of L. cuprina. The crude enzyme 
preparations from adult flies of each strain were subjected to a GSH and DNP-GSH 
affinity matrices sequentially as described in the section 3.2. The crude cytosolic 
enzyme preparation of the PY81 strain had 2.2- and 1.7-fold significantly higher total 
activity towards CDNB (p<0.05) compared to NSW and CSIRO strains respectively 
(Table 6-1). The GSH affinity-purified GST isoenzymes from the resistant strain had 
1.3- and 1.1- fold higher total activity towards CDNB in comparison with NSW and 
CSIRO respectively. The total activity of DNP-GSH purified GSTs of PY81 strain 
was almost 2-fold greater compared to both the susceptible ones.  
The amount of the protein recovered in the DNP-GSH affinity eluents of 
PY81 strain was significantly 2.5-fold and 2.0-fold higher (p<0.05) than the NSW 
and CSIRO strains (Figure 6-2). The difference in amount of protein recovered from 
the resistant and susceptible insects accounts for the majority of elevated total GST 
activity observed (Table 6-1) indicating that elevated total GST activity is mainly 
associated with a quantitative change in the enzyme. This suggests the possibility 
that the DNP-GSH affinity-purified GSTs may be involved in the OP resistance. 
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Figure 6-2: Amount of protein recovered from the GSH and DNP-GSH affinity matrices. 
The crude enzyme preparations from equal masses (3 g) of susceptible (NSW and CSIRO) 
and resistant (PY81) strains were de-pigmented using HiTrap desalting column (5 ml) and 
applied to the GSH affinity column. The unbound fractions from the GSH affinity column 
having GST activity towards CDNB were pooled and subsequently applied to the DNP-GSH 
column. The bound proteins on both the columns were eluted with 20 mM glutathione in 
0.05 M phosphate buffer, pH 9.6 as described in the section 3.2.2. Values are the mean of at 
least three independent experiments with three measurements in each. Error bars represent 
standard deviation. 
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Table 6-1: Purification of GSTs from susceptible (NSW and CSIRO) and resistant strain 
(PY81) of L. cuprina.  
The calculation of % yield and fold purification was made considering the actual volume of 
application on each column. Values are mean ± SD taken from three independent 
experiments with triplicate measurements within each experiment. For the purification 
details of GSTs from flies, refer the legend of Figure 6-2. 
 
        
 
 
Strain Purification step Total 
protein  
(mg) 
Total 
activity 
(µmol/min) 
Specific 
activity 
(µmol/min/
mg) 
Yield 
(%) 
Purification 
fold 
 
 
NSW Crude 37.0 ± 0.5 3.30 ± 0.1 0.09 ± 0.002 100 1.00 
Desalt 30.0 ± 0.5 3.20 ± 0.2 0.1 ± 0.006 97 1.11 
Unbound GSH 29.0 ± 3.5 1.20 ± 0.4 0.04 ± 0.02 36 0.44 
Bound GSH 0.60 ± 1.5 1.80 ± 0.2 3.51 ± 0.9 54 39.0 
Unbound DNP-GSH 27.0 ± 2.0 1.00 ± 0.1 0.03 ± 0.003 30 0.33 
Bound DNP-GSH 0.70 ± 0.1 0.90 ± 0.2 1.28 ± 0.3 27 14.2 
 
PY81 Crude 52.0 ± 7.0 7.40± 1.6 0.14 ± 0.03 100 1.00 
Desalt 50.0 ± 10 6.60 ± 1.4 0.13 ± 0.02 89 0.92 
Unbound GSH 43.5 ± 5.0 3.40 ± 2.1 0.08 ± 0.04 46 0.57 
Bound GSH 0.50 ± 0.1 2.30 ± 0.4 4.60 ± 2.7 31 32.8 
Unbound DNP-GSH 39.0 ± 6.0 2.30 ± 1.1 0.06 ± 0.02 31 0.42 
Bound DNP-GSH 1.80 ± 0.7 1.90 ± 0.6 1.05 ±  0.1 25 7.50 
 
CSIRO Crude 41.0 ± 2.5 4.30 ± 0.3 0.10 ± 0.007 100 1.00 
Desalt 35.5 ± 2.0 3.70 ± 0.1 0.10 ± 0.003 86 1.00 
Unbound GSH 31.5 ± 1.0 1.20 ± 0.5 0.04 ± 0.02 28 0.40 
Bound GSH 0.50 ± 0.1 2.10 ± 0.2 4.26 ± 1.2 49 42.6 
Unbound DNP-GSH 29.0 ± 1.5 1.00 ± 0.1 0.03 ± 0.003 23 0.35 
Bound DNP-GSH 0.92 ± 0.1 1.00 ± 0.1 1.08 ±  0.10 23 10.8 
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 The crude enzyme and affinity-purified GSTs of each strain were tested for activity 
with a number of model substrates in order to give a detailed characterisation of 
enzyme activity. The substrates used were CDNB, DCNB, NPA, DHA and TNE. 
Since the absolute activities varied widely among the strains, activity was normalised 
relative to the CSIRO strain. The results are shown in the form of histograms in 
Figure 6-3 (total activity) and Figure 6-4 (specific activity). 
 
Figure 6-3: Substrate-specific total activity of crude GSTs and affinity-purified GSTs with 
different model substrates relative to CSIRO strain 
GST activity assays were performed as described in section 3.2.4. The volume of both 
affinity-purified fractions of each strain was 20 ml. Total activity is in Units (µmol/min). 
Values are the mean of at least three independent experiments with three measurements in 
each. Error bars represent standard deviation. For the purification details of GSTs from flies, 
refer to the legend of Figure 6-2. 
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The crude extract of the PY81 resistant strain has the highest total activity 
with all the substrates compared to NSW and CSIRO susceptible strains (Figure 6-3) 
but the difference is not significant with TNE and DHA substrates. The data show 
that the GSH affinity-purified fractions of the PY81 strain has the highest total 
activity with CDNB and DCNB. The total activity of DNP-GSH affinity fractions of 
the PY81 strain have significantly higher activity with CDNB and TNE compared to 
susceptible ones (p<0.05). The specific activity of the cytosolic GSTs from PY81 
was also higher with the model substrates except TNE compared to other strains 
(Figure 6-4). Interestingly, the GSH affinity-purified fractions from the PY81 strain 
showed significantly higher activity towards DCNB compared to NSW and CSIRO 
strains (p<0.05) though there was no elevated amount of purified GSTs in the GSH 
affinity-purified fractions (Figure 6-2) of the PY81 strain. The specific activities of 
DNP-GSH affinity-purified fractions from the PY81 strain were less than those of 
the NSW and CSIRO strains due to the greater amount of protein recovered. It is 
worth noting that the total activity gives a clear indication that the PY81 strain GSTs 
purified from the DNP-GSH matrix had a significantly higher activity with TNE - an 
electrophilic product of lipid peroxidation (p<0.05) and the specific activity of the 
PY81 GSTs from GSH affinity-purified fractions have significantly higher activity 
with DCNB (p<0.05) compared to susceptible strains. This implies that the GSTs 
isolated with either affinity matrix might have important roles in metabolism of 
insecticides in L. cuprina or in protecting against the effects of insecticide poisoning.  
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Figure 6-4: Substrate-specific specific activities of crude GSTs and affinity-purified GSTs 
with different model substrates relative to CSIRO strain. 
GST activity assays were performed as described in section 3.2.4. The volume of both 
affinity-purified fractions of each strain was 20 ml. Specific activity is in Units/mg of 
protein. Values are the mean of at least three independent experiments with three 
measurements in each. Error bars represent standard deviation. For the purification details of 
GSTs from flies, refer to the legend of Figure 6-2. 
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6.3.2 Proteomic analysis of GSTs from susceptible and resistant strains 
The following one dimensional gel shows that GSTs other than the Sigma and 
Delta from all three strains have been captured by DNP-GSH affinity matrix when 
used in sequence with the GSH matrix. The DNP-GSH purified fractions do not 
show the binding of non-specific proteins (Figure 6-5) perhaps due to use of matrix 
that had been used for several previous preparations. Newly prepared DNP-GSH 
matrix always binds to non-specific proteins along with the GSTs as shown in Figure 
4-10 and Figure 5-3. Fewer bands were purified relative to new DNP-GSH matrix. 
 
 
Figure 6-5: SDS PAGE on bound GSH and bound DNP-GSH affinity-purified fractions of 
NSW, PY81 and CSIRO strains. 
The crude enzyme was prepared from 3 g of NSW, PY81 and CSIRO strain of L. cuprina 
and purified by GSH and DNP-GSH matrix as described in the section 3.2. Lane M is M.W. 
marker. Lanes 1-3 show bound fractions of GSTrap column from NSW, PY81 and CSIRO 
respectively. Lanes 4-6 are of bound DNP-GSH fractions of NSW, CSIRO and PY81 
respectively. Lane 7 is of crude extract of PY81 strain. The gel was stained with Coomassie 
Brilliant Blue G-250. 
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Figure 6-6: Two dimensional electrophoresis gels of the GSH affinity-purified fractions from 
susceptible and resistant strains of L. cuprina. 
The GSH affinity-purified fractions of each strain were separated in the first dimension on a 
7 cm pH 3-10 linear IPG strip and then in the second dimension on a SDS-PAGE gel. The 
gel was stained with Coomassie Brilliant Blue G-250. The protein load on each gel was 
obtained from the same mass of flies (3 g). Spot numbers are as referred to the Figure 4-18 
and their tentative identification can be found in Table 4-11. 
 
 
The Sigma GST was expressed in slightly higher quantity in the PY81 strain 
compared to NSW and CSIRO, but not significantly higher. The Delta GSTs in NSW 
strain appear to be expressed in a slightly lower quantity when visualised on the 2D 
gel but the 1D gel showed no difference at all. However, the quantitative differences 
are not significant except in spot 7 between NSW and PY81. The quantitative 
analysis of these results is in Figure 6-7. 
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Figure 6-7: Quantitative analysis of GSH affinity-purified GSTs in different L. cuprina 
strains. 
Quantitative analysis of numbered spots of the digitized images of 2D gels from NSW, PY81 
and CSIRO strains shown in Figure 6-6 was carried out using ImageQuant (Version 5.2, 
Molecular Dynamics) software. The data represent mean of three independent experiments 
with triplicate measurements in each and error bars represent standard deviation. Spot 2 is 
appeared to be a degradation product of the Spot 1 and not included in the analysis. Spot 1 is 
shown alongside to full scale. 
 
 
The DNP-GSH affinity fractions were also subjected to 2D electrophoresis to 
determine if there was any quantitative or qualitative difference between the strains. 
The results are shown in the Figure 6-8. 
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Figure 6-8: Two dimensional electrophoresis gels of the DNP-GSH affinity-purified 
fractions from susceptible and resistant strains of L. cuprina. 
The DNP-GSH affinity-purified fractions of each strain were separated in the first dimension 
on a 7 cm pH 4-7 linear IPG strip and then in the second dimension on a SDS-PAGE gel. 
The gel was stained with Coomassie Brilliant Blue G-250. The protein load on each gel was 
obtained from the same mass of flies (3 g). Spot numbers are as referred in Figure 4-21 
except two new spots 16* and 17* in NSW and CSIRO strains. The tentative identification 
of spots 1-15 can be found in Table 4-13 and Table 4-14 according to the numbers. The new 
spots 16* and 17* were tentatively identified as Epsilon GSTs by MALDI-TOF and 
identification can be found in Appendix section 10.3.10. 
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The Figure 6-8 shows the typical gel pattern for the separation of DNP-GSH 
affinity-purified GSTs from susceptible and resistant strains of L. cuprina. The spot 
volume data from the three independent experiments has been quantified and shown 
in Figure 6-9. Different pI variants of Delta and Epsilon GSTs are noted. As evident 
from Figure 6-9, the only significant (p<0.05) differences between PY81 and the 
susceptible strains were in the Epsilon (zone C) and low M.W. Delta and Mu-like 
GSTs (zone D). Interestingly there was also a significantly higher abundance of spot 
14, tentatively identified as Rab protein (zone D). There are even quantitative 
differences between both the susceptible strains. The proteins in zone D (tentatively 
identified as Delta GSTs and Rab proteins) in NSW has six spots whereas in CSIRO 
there are only four spots. The tentatively identified Delta GSTs with high M.W. 
(zone B) in PY81 have not been expressed as prominently as in the NSW and CSIRO 
strains. The Epsilon GSTs (zone C) from NSW and CSIRO differ in the pI compared 
to the PY81 strain and have expressed in much greater quantity in the PY81 strain 
compared to susceptible strains. The Sigma GST (zone A) does not appear to vary 
amongst all three strains.  
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Figure 6-9: Quantitative analysis of DNP-GSH affinity-purified GSTs from different L. cuprina strains. 
Quantitative analysis of numbered spots of digitized images of 2D gels from NSW, PY81 and CSIRO strains shown in Figure 6-8 was carried out using 
ImageQuant (Version 5.2, Molecular Dynamics) software. The data represent mean of three independent experiments with triplicate measurements in each 
and error bars represent standard deviation. The Epsilon GSTs (zone C) and some of Delta (low M.W.), Mu and Rab proteins (zone D) are significantly  
higher in PY81 than NSW and CSIRO(p<0.05). N. D = isoform class not determined.
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6.4 In vitro conjugation of insecticides with GSTs 
determined by reverse phase HPLC 
GSTs from L. cuprina were purified by GSH affinity chromatography. The 
unbound fractions from the GSH matrix active with CDNB were further purified 
using DNP-GSH affinity matrix as described in section 3.2.2. The organophosphates 
methyl parathion and diazinon were tested for GSH dependent degradation in vitro 
by GSTs as described in the section 3.2.8. In brief, the reaction mixture (1 ml) 
containing insecticide, the enzyme and GSH in tris buffer was incubated for 4 hrs at 
37°C and extracted with 1 ml of heptane by vortexing the reaction mixture for 30 
seconds. Then 20 µl of each extract was injected into the HPLC in reverse phase 
mode and the remaining insecticide was eluted under the gradient. Controls using 
only tris buffer pH 8.0, only heptane and tris buffer with methanol and glutathione 
extracted with heptane were also tested (Figure 6-11). Glutathione conjugates were 
not directly measured. Since glutathione conjugates are not extracted into heptane, 
the extent of conjugation was determined on the basis of reduction in insecticide 
concentration, measured through the area under the insecticide peak. The calculation 
of amount of insecticide remaining in the reaction mixture was made using a 
standard curve for each insecticide. Figure 6-10 shows the calibration curve for 
methyl parathion as an example. The peaks with the retention time corresponding to 
methyl parathion and diazinon under the employed gradient are shown in Figure 
6-11. The change in the peak area of the remaining methyl parathion in the reaction 
mixture after incubation with and without enzyme is shown in Figure 6-12 as an 
example to determine the conjugation of insecticide. The change in concentration of 
diazinon was measured in the same way. 
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Figure 6-10: Calibration curve for methyl parathion. 
A) Typical HPLC traces which were obtained with different concentrations of methyl parathion (retention time 22.2 min) at 280 nm as discussed in the text. 
The peak with the retention time 23 min was always present and was in proportion to the methyl parathion. B) The calibration curve for methyl parathion. The 
data represent the mean of three independent experiments with error bars showing standard deviation. 
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Figure 6-11: Typical HPLC chromatograms under the given gradient condition at 254 nm. 
A) Control chromatogram from the extraction of tris buffer, pH 8.0 with heptane. B) Control 
chromatogram showing heptane contains a small impurity (retention time 27.8 min).  
C) Control chromatogram from the heptane extraction of glutathione and methanol dissolved 
in tris buffer, pH 8.0. D) Control chromatogram from the heptane extraction of diazinon 
(retention time 24.8 min). E) Control chromatogram from the heptane extraction of methyl 
parathion (retention time 22 min). The arrows show the peak of impurity obtained at 27.8 
retention time.                                                                                                                                     
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Figure 6-12: Typical HPLC chromatograms of methyl parathion with and without GSH and 
affinity-purified enzymes from L. cuprina (PY81 strain) at 280 nm. 
A) Chromatogram from the heptane extraction of methyl parathion at 0 hours. B) 
Chromatogram from the heptane extraction of methyl parathion after 4 h at 37° C. C) 
Chromatogram from the heptane extraction of methyl parathion and glutathione after 4 h at 
37° C. D) Chromatogram from the heptane extraction of methyl parathion, glutathione and 
GSH affinity-purified extract from L. cuprina after 4 h at 37° C. E) Chromatogram from the 
heptane extraction of methyl parathion, glutathione and DNP-GSH affinity-purified extract 
from L. cuprina after 4 h at 37° C. 
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Figure 6-13: Typical HPLC chromatograms of conjugation of methyl parathion by de-
pigmented enzyme from L. cuprina (PY81 strain) at 280 nm with and without GSH.  
A) Chromatogram from the heptane extraction of methyl parathion and de-pigmented 
enzyme after 4h at 37°C. B) Chromatogram from the heptane extraction of methyl parathion 
and de-pigmented enzyme with GSH after 4h at 37°C. 
 
 
To determine the GST activity in metabolism of methyl parathion and 
diazinon, the crude enzyme preparation from 4 g of L. cuprina flies in 20 ml was 
prepared. The crude GSTs were then de-pigmented by HiTrap desalting column and 
purified using the GSH then DNP-GSH matrix as described in section 3.2.2. The 
purified extracts from both the matrices were concentrated and used to study 
insecticide metabolism. The insecticide (5.5 nmole) was incubated in 1 ml assay with 
enzyme (crude- 0.25 ml and affinity-purified GSTs- 0.3 ml) at 37° C for 4 h. 
Quantitative measurements for each insecticide were made and insecticide 
concentrations determined using respective standard calibration curve. For each 
A 
B 
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insecticide, the remaining amount, as detected by HPLC, was subtracted from the 
initial amount of the insecticide added to the assay in order to determine the GST 
total and specific activities. For each assay, three controls were used: (1) Insecticide 
without enzyme and GSH, to check the spontaneous chemical degradation of the 
insecticide at 0 h and after 4 h incubation Figure 6-12, A, B); no chemical degradation 
was observed, the recovery being always ≥ 98%. (2) Insecticide and GSH without 
enzyme (Figure 6-12, C) in order to determine the non-enzymatic reaction between 
GSH and the insecticide. This value was subtracted from the value of the initial assay 
mixture (1, above). (3) Insecticide and enzyme without GSH, for the case of 
insecticide binding to enzyme without being conjugated to GSH (Figure 6-13). The 
quantity of non-conjugated insecticide in this control was significantly lower than in 
the initial assay mixture suggesting binding of insecticides to enzyme. This control 
was not performed for the GSH and DNP-GSH affinity-purified enzymes. The total 
activity and specific activity of GSTs in conjugating methyl parathion and diazinon 
is calculated and shown in Table 6-2 and Table 6-3. 
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Table 6-2: Total activities of affinity-purified GSTs and crude enzyme from L. cuprina 
(PY81 strain) towards insecticides determined by HPLC. 
 The experimental conditions are as stated in the text. The insecticide (5.5 nmole) was 
incubated in 1 ml assay with enzyme (de-pigmented enzyme- 0.25 ml and affinity-purified 
GSTs- 0.3 ml) at 37° C for 4 h. The values were scaled to the total volume of de-pigmented 
enzyme (20ml) and total volume of concentrated affinity-purified enzyme (5 ml). The data 
represent the mean of three independent experiments with triplicate measurements and 
standard deviation. 
 
Table 6-3: Specific activities of affinity-purified GSTs and crude enzyme from L. cuprina 
(PY81 strain) towards insecticides determined by HPLC. 
The experimental conditions are as stated in the text. The insecticide (5.5 nmole) was 
incubated in 1 ml assay with enzyme at 37° C for 4 h. The values represent the mean of three 
independent experiments with triplicate measurements and standard deviation.  
Total activity (nmole insecticide degraded / total volume of enzyme / h) 
Insecticide De-pigmented 
enzyme 
 
De-pigmented 
enzyme +GSH 
 
Bound GSH            
 
Bound    
DNP-GSH  
 
_________________________________________________________________________ 
Methyl parathion 24.2 ± 5.7 29.7 ± 1.5 11.1 ± 4.5 7.0 ± 1.7 
Diazinon 65.3 ± 3.3 64.6 ± 3.7 2.9 ± 1.6 3.3 ± 1.7 
Specific activity (nmole insecticide degraded / mg protein / h)  
Insecticide De-pigmented 
enzyme 
 
De-pigmented 
enzyme +GSH 
 
Bound GSH   
 
Bound      
DNP-GSH  
_______________________________________________________________________ 
Methyl parathion 0.19 ± 0.04 0.23 ± 0.01 4.96 ± 1.9 2.50 ± 0.62 
  Diazinon   0.51 ± 0.02   0.51 ± 0.03   1.31 ± 0.7   1.18 ± 0.63 
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The preliminary data indicate that the organophosphates methyl parathion and 
diazinon were conjugated in vitro by GSH and DNP-GSH affinity-purified GSTs 
from L. cuprina. The degradation of methyl parathion was 1.2- fold higher by the 
crude enzyme in the presence of GSH compared to without GSH whereas diazinon 
was degraded almost equally by crude enzyme in presence or absence of GSH. The 
activity of crude enzyme in absence of GSH in the reaction mixture implies a role of 
metabolic enzymes (such as esterases) other than GSTs. This suggests that diazinon 
is much more degraded by these enzymes compared to methyl parathion. The 
specific activity of crude cytosolic GSTs was almost 2-fold higher in the catabolism 
of diazinon compared to methyl parathion. However, incubation with the affinity-
purified GSTs revealed interesting findings. Methyl parathion was conjugated by 
GSH affinity-purified fractions 2 times more than by DNP-GSH affinity-purified 
fractions whereas with diazinon, activities with both preparations were the same.  
The specific activity of both the affinity-purified enzymes was higher with methyl 
parathion compared to diazinon (Table 6-2 and Table 6-3). Thus methyl parathion 
served as the best substrate to study the GST-based insecticide metabolism. 
Further to explore the ability of GSTs in metabolising methyl parathion, 
different concentrations of purified enzyme and GSH were incubated with methyl 
parathion. The result is shown in Figure 6-14, which shows the amount of methyl 
parathion metabolised after incubation with different concentrations of affinity-
purified enzymes in the presence of GSH (Figure 6-14). With higher amounts of 
enzyme, the conjugation of methyl parathion was higher, so the residual amount of 
chemical is lower and the metabolised amount of chemical is higher. 
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Figure 6-14: Metabolism of methyl parathion by affinity-purified GSTs. 
The different concentration of GSH and DNP-GSH affinity GSTs (200, 400 and 800 µl) 
were incubated with methyl parathion and unchanged methyl parathion was measured using 
HPLC to calculate the methyl parathion metabolised. 100 µl of bound GSH enzyme 
corresponds to 24 µg and 100 µl of bound DNP-GSH enzyme corresponds to 34 µg. 
 
 
The data showed that the GSH affinity-purified fractions have a higher 
capability in metabolising the methyl parathion than the DNP-GSH affinity-purified 
enzymes. As the GSH affinity fractions contain a mixture of Sigma and Delta GSTs 
and they can be separated easily by one of the methods described previously in 
section 4.3.4, the attempt was made to determine which isoform is responsible for 
higher metabolising activity. To perform this experiment, Sigma and Delta GSTs 
were separated by ion exchange chromatography and 50 μg of each purified enzyme 
was incubated with an equal amount of insecticide as per section 3.2.8. The result is 
shown in Figure 6-15. The Delta GSTs and bound DNP-GSH GSTs contribute 
significantly (p<0.05) in metabolising methyl parathion, almost 10-12-fold higher 
than the Sigma GST. 
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Figure 6-15: Metabolism of methyl parathion by GST isoforms and partially purified DNP-
GSH eluents. 
The Sigma and Delta GSTs were separated by ion exchange chromatography as described in 
section 4.3.4. Fifty µg of each isoform and DNP-GSH affinity eluent was incubated with 5.5 
nmoles of methyl parathion as described in the text. The unchanged methyl parathion was 
measured using HPLC to calculate the methyl parathion metabolised. Results were corrected 
for non-catalytic degradation of methyl parathion.  
 
Considerable differences were observed in GST activity between susceptible 
and resistant strains of L. cuprina with the model substrates CDNB, DCNB, NPA, 
DHA and TNE as described previously in this chapter. Therefore the difference in 
GST activity in conjugating insecticides among the susceptible and resistant strains 
was also explored. The activity of GSH affinity-purified and DNP-GSH affinity 
purified GSTs in metabolism of methyl parathion and diazinon is shown in Figure 
6-16. There was no significant difference in GST activity noted amongst all three 
strains. To determine the insecticide metabolising activity not accounted for by the 
affinity-purified GSTs, in a final experiment, GSH dependent degradation of the 
insecticides was determined in fractions not bound to either matrix (Table 6-4). 
However, there was no significant difference found between the strains. 
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Figure 6-16: GST activity in metabolising OPs from different strains of L. cuprina. 
The partially purified GSTs were concentrated and an equal volume of enzyme from equal 
mass of insects (1.5 g) was incubated with the insecticide. The unchanged methyl parathion 
was measured using HPLC to calculate the methyl parathion metabolised. Results were 
corrected for non-catalytic degradation of methyl parathion. Activity from the resistant strain 
is not significantly higher than susceptible strains. 
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Table 6-4: Metabolism of methyl parathion and diazinon by NSW, PY81 and CSIRO strains 
of L. cuprina. 
 The values were calculated as per total volume of crude enzyme (6 ml) and total volume of 
affinity unbound enzyme (8 ml) from 1 g of flies. The data represent the mean of two 
measurements in one experiment and standard deviation. Method details as per Table 6-2. 
L. cuprina strain crude enzyme 
 
crude enzyme 
+GSH 
 
Unbound of 
GSH+ DNP-
GSH matrices 
with no GSH in 
assay  
Unbound of 
GSH+ DNP-
GSH matrices 
with GSH in 
assay    
____________________________________________________________________________ 
Methyl parathion metabolism 
Total activity (nmole of methyl parathion degraded / total volume of enzyme / h) 
NSW 17.4 ± 4.4 19.7 ± 1.3 11.0 ± 7.8 11.2 ± 6.6 
PY81 18.0 ± 6.6 14.0 ± 1.8 6.60 ± 10 10.8 ± 6.1 
CSIRO 15.0 ± 4.5 10.0 ± 1.8 4.60± 8.9 5.80 ± 10 
Specific activity (nmole of methyl parathion degraded / total mg of protein / h) 
NSW 0.50 ± 0.13 0.57 ± 0.04 0.24 ± 0.1 0.25 ± 0.2 
PY81 0.53 ± 0.2 0.41 ± 0.05 0.15 ± 0.2 0.24 ± 0.1 
CSIRO 0.40 ± 012 0.25 ± 0.3 0.10 ± 0.1 0.12 ± 0.3 
____________________________________________________________________________________ 
Diazinon metabolism 
Total activity (nmole of diazinon degraded / total volume of enzyme / h) 
NSW 13.0 ± 1.6 17.4 ± 1.2 16.0 ± 1.2 12.5 ± 0.7 
PY81 17.0 ± 0.6 16.8 ± 2.1 8.00 ± 4.1 7.10 ± 3.3 
CSIRO 11.0 ± 4.2 15.7 ± 1.2 12.7 ± 6.3 8.40 ± 3.2 
Specific activity (nmole of diazinon degraded / total mg of protein / h) 
NSW 0.37 ± 0.05 0.50 ± 0.03 0.35 ± 0.03 0.27 ± 0.01 
PY81 0.50 ± 0.02 0.50 ± 0.06 0.18 ± 0.1 0.16 ± 0.08 
CSIRO 0.37 ± 0.11 0.42 ± 0.03 0.26 ± 0.1 0.17 ± 0.07 
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6.5 Discussion 
The aim of the present investigation was to understand and evaluate the 
significance of L. cuprina GSTs in the defence against organophosphorus 
insecticides. To assess that, GSTs from resistant (PY81) and susceptible strains 
(NSW and CSIRO) of L. cuprina were partially purified by sequential GSH and 
DNP-GSH affinity chromatography. The purification procedures for GST 
isoenzymes from the three strains were the same. However, it was quite striking that 
the yield of the DNP-GSH affinity-purified proteins from the resistant strain was 2-
fold higher than that in the susceptible strains. (Vontas et al., 2002) have also 
reported an increase in the amount of the GST proteins in a resistant strain of rice 
brown planthopper, Nilaparvata lugens and while studying GST-based pyrethroid 
resistance and thus the majority of elevated GST activity is associated with the 
quantitative change in the amount of enzyme produced. The DNP-GSH affinity-
purified fractions from the resistant strain, had significantly (p<0.05) higher total 
activity with CDNB and especially with TNE, an electrophilic product of lipid 
peroxidation. The higher activity towards TNE indicates an important role in 
protection from the products of oxidative damage (Esterbauer et al., 1991). As 
discussed previously in this chapter, evidence has been published to suggest that high 
levels of GST activity towards DCNB and CDNB are associated with OP resistance 
in resistant insects (Cochrane et al., 1992; Motoyama and Dauterman, 1977; Wilson 
and Clark, 1996; Yu, 1992). In the present investigation, both the crude cytosolic 
GSTs and the GSH affinity-purified GSTs of the PY81 strain showed elevated GST 
activity towards DCNB, suggesting a possible significance in resistance.  
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 The results from 2D gel electrophoresis also suggested significant quantitative 
differences in proteins including GSTs among the susceptible and resistant flies 
obtained from similar purification procedures. These proteins (zones C and D in 
Figure 6-8) have been tentatively classified to belong to Epsilon and low M.W. Delta 
class of GSTs and Mu-like GSTs along with Rab proteins. In many of the studies in 
the literature, effort has been concentrated on analysis of resistance mechanisms in 
one or two highly resistant strains of insect. In such cases, gene amplification often 
plays an important role (Oppenoorth, 1984). Oppenoorth found a massive production 
of GSTs while studying a series of 12 housefly strains in which activity towards 
DCNB varied over a 30-fold range correlating with resistance and the GSTs 
apparently accounting for up to 6% of total soluble protein in the most resistant 
strain. This led him to correlate it with the established examples of gene 
amplification. The situation in the present work might be similar but no analysis was 
done at the genetic level and also the DCNB activity of the resistant strain (PY81) 
was a modest 2-fold higher compared to susceptible strains which is a quite different 
result from that obtained in the study of housefly by Oppenoorth. In the present 
study, though there was no significant quantitative difference in GSH affinity-
purified fractions between the strains, it is possible that they might also contribute to 
resistance based on the higher specific activity with DCNB. Attempts were made to 
find out if there is any difference in metabolising the insecticides by susceptible and 
resistant strains in vitro as there are many reports available suggesting GSTs can 
produce resistance to a range of insecticides by conjugating reduced glutathione to 
the insecticide or its primary toxic metabolic products (Kostaropoulos et al., 2001a; 
Kostaropoulos et al., 2001b). So in this study the interaction of GSTs with the 
organophosphate insecticides methyl parathion and diazinon was tested by means of 
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HPLC. The technique showed that both the affinity-purified enzymes from all these 
strains were able to conjugate with methyl parathion and diazinon. The de-pigmented 
preparation of enzyme catalysed the reaction with both the insecticides whereas 
when the ability of the de-pigmented enzyme to conjugate with the insecticides was 
tested in presence of GSH, the specific activity was 1.2-fold higher with methyl 
parathion whereas it was not much different with diazinon. Activity in degrading 
diazinon was apparently higher in the crude preparation without the presence of GSH 
which suggests a significant role of esterases and other metabolic enzymes. The GSH 
affinity-purified GSTs which include Sigma and Delta GSTs were more active in 
conjugation with methyl parathion and diazinon compared to DNP-GSH affinity-
purified fractions.  
Although DNP-GSH affinity-purified GSTs were expressed at twice the level 
in the resistant strain, there was no significant difference in conjugation with 
insecticides in vitro between the susceptible and resistant strains (Figure 6-16). There 
was no significant difference found in metabolism of methyl parathion and diazinon 
by crude and unbound enzymes from GSH and DNP-GSH affinity matrices of 
susceptible and resistant strains (Table 6-4). In a single experiment, unbound 
fractions of PY81 strain showed the higher total and specific activity in metabolising 
methyl parathion than the other strains but due to limited data, it was not confirmed. 
However, the GSH and DNP-GSH affinity-purified enzymes from PY81 showed no 
significant increase in metabolism of methyl parathion or diazinon in replicated 
experiments. Thus there may be a possibility that the GSTs active in metabolising 
insecticides are not binding to our affinity matrices or in L. cuprina the resistance is 
not due to GSTs but to other mechanisms. While studying the larvae and adults from 
field isolates of L. cuprina and Lucilia sericata, Wilson et al. (1996) observed the 
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absence of the correlation between levels of GST conjugating activity with respect to 
the model substrate DCNB and resistance to diazinon in L. sericata. However, a 
strong relationship was found between the GST conjugating activity towards DCNB 
and resistance to diazinon in both adult and larval strains of L. cuprina. From the 
data of Wilson et al., which are very scattered, it is quite likely that an individual 
strain of blowfly may have high resistance but relatively low GST activity  and vice 
versa (Wilson, 1999; Wilson and Clark, 1996). 
There is a possibility that the substantially elevated expression of GSTs in 
PY81 strain (zones C and D) such as Epsilon, Delta and Mu-like GSTs are a part of a 
platform of stress responses but are not involved in detoxification of these specific 
insecticides. However, in the present study the situation is complex as there are 
differences of expressed GSTs even between the susceptible strains. The Mu-like 
GSTs in zone D were absent in CSIRO but present in NSW. The Epsilon GSTs 
expressed in PY81 strain has a different pI than the Epsilon of the NSW and CSIRO 
strain. The Zone D GSTs though expressed in greater quantity in PY81 strain did not 
show any significantly higher specificity with model substrates and insecticides. 
 In the present study, the insects were not exposed to insecticides. The 
possibility that resistance is due to increased ability to induce detoxication enzymes 
by the insecticides cannot be excluded. However, literature suggests that when 
insects are exposed to insecticides in laboratory, the constitutive over-expression of 
metabolic genes play a much greater role in insect survival rather than the induction 
of members of these gene families (Willoughby et al., 2006). 
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When separated classes of GSTs were tested for their ability to conjugate with 
insecticides, the current study strongly suggests that Delta GST and the enzymes 
present in DNP-GSH affinity fractions (mainly Delta and Epsilon class) are more 
strongly involved in conjugation with insecticides than Sigma GST, which has 
almost no activity. 
In summary, the work presented in this chapter attempted to study the 
involvement of L. cuprina GSTs in insecticide resistance. The comparison of GST 
proteomes of the susceptible and resistant strains showed interesting findings with 
variable expression of Epsilon and Low M.W. Delta GSTs and Mu-like GSTs. It was 
observed that the L. cuprina GSTs can conjugate insecticides in vitro. Delta GST and 
DNP-GSH affinity-purified GSTs can metabolise insecticides at a much greater rate 
than Sigma GST. However, there was no significant difference found between the 
susceptible and resistant strains of L. cuprina in metabolising the insecticides. It is 
proposed that resistance in this particular strain of L. cuprina may be due to other 
mechanisms. 
During the proteomic analysis a number of distinct Delta GST spots with 
different pIs on 2D gels from both D. melanogaster and L. cuprina was found. Out of 
curiosity, it was studied whether this pattern of separation of Delta GST on 2D gel 
was due to post-translational modification and if so, what type of modification it 
could be? Chapter 7 attempts to study the nature of post-translational modifications 
of D. melanogaster Delta GSTs due to availability of its genetic database. 
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7 The nature of post-translational modification of Delta GST  
7.1 Introduction 
The aim of this chapter was to determine the type of post-translational 
modification involved in producing the multiple forms of D1-type GSTs in D. 
melanogaster. 
The overwhelming majority of proteins are modified after synthesis, a 
process known as post-translational modification and more than 200 modifications 
of amino acid residues have been reported to occur in vivo (Krishna and Wold, 
1997). Post-translational modifications (PTMs) are often covalent modifications that 
regulate protein functions, determining their activity state, cellular location and 
interactions with other proteins (Boatright and Salvesen, 2003; Chiu et al., 2003; 
Khidekel and Hsieh-Wilson, 2004; Manning et al., 2002). Hence, knowledge of the 
nature of such modifications seen in the present study will facilitate our 
understanding of the cellular processes in which the GSTs may be regulated.  
The literature suggests that GSTs may be subject to phosphorylation 
(Nicholson et al., 1993; Taniguchi and Pyerin, 1989), methylation (Johnson et al., 
1992), glycosylation (Kuzmich et al., 1991) and auto-oxidation (Hayes and 
Clarkson, 1982). The human pi GST may be glycosylated (Kuzmich et al., 1991) 
and human leukotriene C-4 synthase, a member of the GST family, contains a 
potential glycosylation site (Nicholson et al., 1993). Much of the data suggesting 
that these enzymes may be post-translationally modified have been obtained from in 
vitro experiments and therefore the in vivo biological significance of such 
modifications is unclear. 
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A large number of these PTMs may be observed on 2D electrophoresis gels 
as distinct protein isoform spots. The PTMs such as phosphorylation, acetylation, 
deamidation, alkylation and cysteine oxidation cause changes in the mass and pI of 
the protein by adding, removing or changing titratable groups and 2D gel 
electrophoresis is able to resolve many PTM-induced isoforms. As depicted in Figure 
4-17 and Figure 4-18 in section 4.3.3, Delta GSTs (D1) from both D. melanogaster 
and L. cuprina exhibited multiple forms of varying pI when observed on a 2D gel, 
presumably as a result of PTMs. Since no M.W. changes were evident observing the 
2D gel, one can easily suggest that the protein has become modified. However, it is 
not easy to detect which type of modification is most likely to have occurred. 
The analysis of PTMs has encountered some biological and analytical 
limitations as they are often transient and occur in vivo (Salzano and Crescenzi, 
2005). In spite of these difficulties, this chapter attempts to determine the type of 
modifications found in D. melanogaster D1 GST.   
7.2 Objective: 
 To determine the type of PTM generating the different pI variants of 
DmGSTD1 using MALDI-TOF and tandem mass spectrometric sequencing. 
7.3 Results: 
7.3.1 Phosphorylation as a possible PTM of Delta GSTs 
The most frequently occurring protein PTM appears to be phosphorylation. 
To test whether this was likely in the present study, initially the GSTD1 sequence in 
FASTA format was submitted to NetPhos 2.0 server. This is a post-translational 
modification prediction tool available at Center for Biological Sequence analysis 
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(CBS) (http://www.cbs.dtu.dk/services/NetPhos/). It produces neural network 
predictions for serine, threonine and tyrosine phosphorylation sites in eukaryotic 
proteins. The prediction result showed five possible sites at serine, three at threonine 
and four at tyrosine which can be phosphorylated (Figure 7-1). This prediction 
suggested that it was well worth pursuing further the possibility of phosphorylation. 
To explore this, the GSH affinity-purified fractions from D. melanogaster 
were separated on 1D and 2D gels (Figure 7-2). These gels were stained with the Pro-
Q Diamond phosphoprotein gel stain (as per section 3.2.9) which is reported to 
provide a high sensitivity approach for the selective detection of phosphoproteins 
separated by polyacrylamide gel electrophoresis (Steinberg et al., 2003). SYPRO 
Ruby gel stain was used as a post stain to calculate the fluorescence intensity ratio 
(Diamond/SYPRO Ruby) to determine the presence and relative abundance of 
phosphorylated protein. The ratio is higher for phosphoproteins (e.g., ~8.0) 
compared to non-phosphorylated proteins (e.g., ~0.05) according to the manual of 
Pro-Q Diamond phosphoprotein gel stain. Ovalbumin and BSA were used as a 
positive and negative control on the gel respectively. The peppermint-stick 
phosphate marker containing negative (β-galactosidase and BSA) and positive 
(Ovalbumin and β-casein) controls was run alongside the sample.  
………………………………………………………………….  
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Figure 7-1: NetPhos 2.0 Server prediction results. 
 
The DmGSTD1 sequence was submitted to NetPhos 2.0 Server and possible phosphorylation sites on the sequence were predicted. 
A) The DmGSTD1 sequence and most probable phosphorylation sites identified. B) Graphically demonstrates the proposed phosphorylation sites 
and the predicted likelihood of phosphorylation.
A 
A 
B 
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Figure 7-2: Pro-Q Diamond and SYPRO Ruby gel staining. 
A)  SDS PAGE on GSH affinity-purified fractions of D. melanogaster. Lane M-Peppermint-stick phosphate marker, lane 1-Ovalbumin (positive control), 
lane 2-BSA (negative control) and lane 3- GSH affinity-purified GSTs. B) 2D gel electrophoresis of Delta GSTs from D. melanogaster. The first dimension 
separation on a 7 cm pH 3-10 linear IPG strip and then in the second dimension on a SDS-PAGE gel. Both 1D and 2D gels were stained by Pro-Q Diamond 
stain and post-stained by SYPRO Ruby dye. The fluorescence intensity of SYPRO stain gel was 100 times higher than the intensity of Pro-Q Diamond stained 
gel.  
229 
 
 
Figure 7-3: Analysis of a SDS-PAGE gel using ImageQuant version 5.2 software. 
A) Fluorescence intensity of the peppermint-stick phosphate marker with negative (β-galactosidase and BSA) and positive (Ovalbumin and β-casein) 
controls. B) Sigma and Delta GSTs separated on SDS PAGE.
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The results indicate that the negative control BSA (Figure 7-2, lane 2) was also 
stained by Pro-Q
 
Diamond stain which was not expected. Even negative controls in the 
peppermint-stick phosphate marker were stained by the Pro-Q Diamond stain. The gels 
shown in Figure 7-2 were optimised by setting the pixel display range value in the 
ImageQuant software. The pixel value for Pro-Q Diamond stained gels was 100 
whereas it was 10000 for the SYPRO ruby stained gels. This was done because at 100 
pixels, the SYPRO Ruby stained gel was too intense to measure any intensity and at 
10000 pixels no bands on the Pro-Q Diamond gel were visible. The fluorescence 
intensity chromatograms at the different pixel ranges are displayed in Figure 7-3. 
Therefore to calculate the fluorescence intensity ratio, the value of SYPRO Ruby 
stained gel was normalised by dividing by 100 to get the equal intensity measures for 
both the gels. The Diamond/Sypro ratio for the positive control ovalbumin and negative 
control BSA (lanes 1 and 2 in Figure 7-2) was 0.12 and 0.13 respectively. Even the 
ratios for the positive (ovalbumin and β-casein) and negative (β-galactosidase and 
BSA) proteins in the peppermint-stick marker were 0.124 and 0.143 for positive and 
0.088 and 0.124 for negative controls respectively. Since the stains were not 
differentiating the controls, it could not be determined whether Sigma and Delta GSTs 
were phosphorylated.  
Due to the ambiguous result with these stains, another approach was considered. 
This was to compare the MALDI-spectra of each Delta spot as some studies have 
demonstrated mass differences corresponding to changes in the presence of a phosphate 
group, from the peptides detected by a difference of 80 or 98 Da in the mass (Annan 
and Carr, 1996; Kinumi et al., 2000; Neubauer and Mann, 1999).  
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For this analysis, the D. melanogaster Sigma and Delta GST were separated 
from the partially purified mixture obtained from the GSH affinity chromatography and 
both the isoforms were separated using ion exchange chromatography as described in 
section 4.3.4.2. The Delta GST fractions were pooled, concentrated and subjected to 2D 
electrophoresis. The 2D gel is shown in Figure 7-4. 
 
           
Figure 7-4: D. melanogaster Delta GST separation by 2D gel electrophoresis. 
The Delta GST fractions separated by ion exchange chromatography were separated by 2D 
electrophoresis in the first dimension on a 7 cm pH 3-10 linear IPG strip and then in the second 
dimension on a SDS-PAGE gel. The gel was stained by Coomassie Brilliant Blue G-250. 
  
The spots 3, 5 and 6 were excised from the gel, destained and digested with 
trypsin as per section 3.2.7.4. The peptide fragments were dried and reconstituted in the 
CHCA matrix to prepare for the MALDI-TOF analysis as per method section 3.2.7.6. 
The spectra were obtained with the parameters setting as described in section 3.2.7.7. 
The MALDI-TOF spectra for all three spots are shown in Appendix Figure 10-8. All 
these spots were identified as D. melanogaster D1 GST. The MALDI-TOF spectra of 
spot numbers 3, 5 and 6 were compared with each other manually. No mass difference 
corresponding to H3PO4 or HPO3 was detected between all Delta GST MALDI-spectra.  
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To avoid the possibility of not getting the phosphopeptides as intense peaks, 
especially in the presence of other nonphosphorylated peptides owing to ionic 
suppression, a phosphopeptide enrichment strategy (ZipTipMC tips) was also employed 
as per section 3.2.10. MALDI spectra with and without enrichment were compared 
manually (Figure 7-5). The list of the masses of the peptides obtained in the software 
―Data explorer‖ after enrichment was also compared with the masses of native GSTD1 
peptides. No significant change was found that can lead us to identify a site of 
phosphorylation. A possible reason for that is that the phosphopeptides are negatively 
charged whereas acquisition of spectra is generally performed in the positive mode 
(Mann et al., 2002). Therefore a final approach was considered: using LC-MS to 
separate peptides and to sequence them using the newly installed software, PEAKS. 
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Figure 7-5: Comparison of MALDI-TOF spectrum of native GSTD1 and phosphopeptide enriched GST D1 (spot 3) as shown in Figure 7-4.  
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7.3.2 Use of PTMFinder in PEAKS software 
The D. melanogaster Delta GST spots from a 2D PAGE gel were excised and 
digested with trypsin. The sample was prepared using ZipTip
TM
 C18 tips as described 
in the section 3.2.11 and MS/MS spectra were obtained. The raw LC-MS/MS data 
from the DmGSTD1 spots 3, 5 and 6 (Figure 7-4) were loaded as a project on 
PEAKS and pre-processed to perform the de novo sequencing. Pre-processing 
involves noise filtering and peak centering, as well as deconvolution of the doubly 
and triply charged species to singly charged ions. This step is very important for the 
interpretation of MS/MS data by PEAKS. The auto de novo sequencing was 
performed on processed data by setting parameters as shown in Table 7-1 A. 
Following de novo sequencing, a PEAKS search was performed in order to identify 
the protein. The parameters were set as shown in Table 7-1 B. All the spots which 
were subjected to the analysis were correctly identified as GST D1, DmGST1 {EC 
2.5.1.18} (D. melanogaster, peptide 208 a. a) with PEAKS score of 99.1%. The 
PTMFinder was run on the PEAKS search result by allowing fixed and variable 
modifications listed in Table 7-1 C.  
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Table 7-1: Setting parameters for each application in PEAKS. 
A) The setting parameters for the auto de novo sequencing. B) The setting parameters for the PEAKs search (for identification of protein). C) The setting 
parameters for the PTMFinder. The type of PTMs searched were variable modifications such as acetylation [2], deamidation [3], oxidation [4] and 
phosphorylation [5]. 
 
 
A                                                                         B                                                                                 C 
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Figure 7-6: PTMFinder result with identification of protein spot 3 in Figure 7-4. 
The upper window shows the identification of the protein with PEAKS score. The lower window shows the matched peptides. The numbers [3], [4] in the 
peptide sequence represent the modification on the amino acid and type of modification as shown in Table 7-1 C. 
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Figure 7-7: PTM Finder result with identification of protein spot 5 in Figure 7-4. 
The upper window shows the identification of protein with PEAKS score. The lower window shows the matched peptides. The numbers [1], [3], [4] in the 
peptide sequence represent the modification on the amino acid and type of modification as shown in Table 7-1 C. 
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Figure 7-8: PTM Finder result with identification of protein spot 6 in Figure 7-4. 
The upper window shows the identification of protein with PEAKS score. The lower window shows the matched peptides. The numbers [1], [3], [4] in the 
peptide sequence represent the modification on the amino acid and type of modification as shown in Table 7-1 C. 
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Table 7-2: List of modified peptides suggested by PTMFinder. 
 
The sequences of peptides of spots 3, 5 and 6 with indicated post-translational modifications 
from Figure 7-6, Figure 7-7 and Figure 7-8 are listed. 
 
(A-alanine, V-valine, I-isoleucine, N-asparagine, Q-glutamine, R-arginine, Y-
tyrosine, S-serine, M-Methionine, K-lysine, G-glycine, E-glutamic acid, W-
tryptophan) 
 
Modified peptides of Delta GST suggested by PTMFinder 
Spot 3 Spot 5 Spot 6 
pI 5.7 pI 6.4 pI 7.0 
________________________________________________________________ 
AVIN[3]QR AVIN[3]QR AVIN[3]QR 
AVINQ[3]R AVINQ[3]R AVINQ[3]R 
YANVN[3]R YANVN[3]R YANVN[3]R 
YAN[3]VNR YAN[3]VNR YAN[3]VNR 
RAVIN[3]QR RAVIN[3]QR RAVIN[3]QR 
 RAVINQ[3]R RAVINQ[3]R 
SVIM[4]TAK SVIM[4]TAK SVIM[4]TAK 
AVGVELN[3]KK AVGVELN[3]KK AVGVELN[3]KK 
WYEN[3]AK WYEN[3]AK WYEN[3]AK 
AVGVELN[3]K AVGVELN[3]K AVGVELN[3]K 
 AIQ[3]VYLVEK AIQ[3]VYLVEK 
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Figure 7-9: Alignment of matched deamidated peptides with DmGSTD1 sequence. 
Sites of deamidation determined by PTM finder are shown in brackets []. 
The results with identified matched peptides are shown in Figure 7-6, Figure 
7-7 and Figure 7-8 for the spot 3, spot 5 and spot 6 on Figure 7-4 respectively and all 
matched peptides are separately shown in Table 7-2. The alignment of matched 
deamidated peptides with the DmGSTD1 sequence is shown in Figure 7-9. The 
number of matched peptides in all three spots was similar except the additional 
peptides AIQVYLVEK and VDFYYLPGSSPCR were present in spots 5 and 6 
which resulted in the increase of percent coverage (34.13 compared to 28.85 of spot 
3) of the protein identified. It was interesting to see that despite the possible variable 
PTMs allowed for in PTMFinder, the result indicated mostly deamidation 
(modification [3]) of asparagine and glutamine of a few matched peptides as listed in 
Figure 7-6, Figure 7-7 and Figure 7-8. There was also the presence of oxidation of 
methionine on a single matched peptide SVIM[4]TAK in all the spots. This should 
not affect the pI. The software identifies all the matched peptides both with and 
without modification in all spots. For example the peptide AVGVELNKK and its 
deamidated equivalent AVGVELN[3]KK were both detected in all spots. This is 
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because in an LC-MS coupled device, these peptides can be separated, analyzed 
simultaneously and distinguished as the deamidated and amidated peptides usually 
co-elute with acidic eluents (Lindner and Helliger, 2001). Figure 7-10 displays the 
spectra corresponding to the AVGVELNKK peptide and its deamidated product 
AVGVELN[3]KK. The unmodified peptide co-elutes with the modified one, hence 
its peaks are found in the modified spectrum, but not attributed. All these modified 
pairs are consistently present in all three spots except the pair AIQVYLVEK and 
AIQ[3]VYLVEK, deamidation at glutamine was apparently absent in spot 3.  In spot 
3, two peptides have deamidation at two different sites: in AVIN[3]QR and 
AVINQ[3]R, YANVN[3]R and YAN[3]VNR. Therefore a total of six peptides 
containing deamidation sites were present along with one oxidation on SVIM[4]TAK 
in spot 3.  In spot 5 and spot 6 three peptides were modified at two different sites. 
Those are AVIN[3]QR and AVINQ[3]R, RAVINQ[3]R and RAVIN[3]QR and 
YANVN[3]R and YAN[3]VNR. Therefore a total of seven deamidated peptides were 
identified along with one oxidation on SVIM[4]TAK. So the PTMFinder result 
suggests that in spot 3 out of 14 matched peptides, 6 peptides were deamidated with 
two peptides having two deamidation sites on the same peptide and in spot 5 and spot 
6 out of 15 matched peptides, 7 peptides showed deamidation with three peptides 
having two deamidation sites on the same peptide. It is not surprising to find both 
amidated and deamidated versions of a peptide. Any one copy of the protein may 
have suffered one (or more) deamidation events. Over multiple copies of the protein 
each deamidation site will be represented by a combination of amidated and 
deamidated peptides. Within any one spot, with each protein having the same pI, 
each protein molecule is likely to have the same number of deamidations, not 
necessarily at the same sites. 
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Figure 7-10: Comparison of the mass spectra of the peptide AVGVELNKK and modified peptide AVGVELN[3]KK suggested by PTMFinder in PEAKS. 
The different colours of the peaks show the confidence scores. Red represents very high confidence (greater than 90%), Blue represents medium confidence 
(60-80%) and black represents low confidence (less than 60 %). Letters show the fragment ions during the collision induced dissociation in LC-MS/MS. 
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7.4  Discussion 
The routine proteomic technique used in this work has given a clear 
indication of the presence of PTMs on Delta 1 GSTs from both L. cuprina and D. 
melanogaster. This is seen in 2D electrophoresis analysis. Initially, it was assumed 
that the Delta GST might be variably phosphorylated and a fluorescent 
phosphosensor dye (Pro-Q Diamond dye) was used to probe this. Unfortunately, the 
positive control and negative controls could not be distinguished in these 
experiments and therefore, the phosphorylation on Sigma or Delta GSTs could also 
not be determined.  
MALDI-TOF has been successfully used for identification of proteins by 
peptide mass fingerprinting. However, analysis of phosphopeptides is not as 
straightforward as the identification of proteins for several reasons: (1) selective 
suppression of ionization/detection efficiencies of phosphopeptides in the presence of 
large amounts of unphosphorylated peptides, and (2) lower detection efficiencies of 
phosphopeptides as compared with their unphosphorylated forms (Steen et al., 2006). 
It is sometimes possible to identify phosphopeptides based on a characteristic mass 
shift owing to loss of phosphate (80 Da or 98 Da or multiples) after treatment with 
phosphatases (Annan and Carr, 1996). In the present study the comparison of the 
MALDI-TOF spectra of different Delta spots did not provide any support for 
phosphorylation as a PTM. MALDI-TOF can be valuable if performed on peptide 
mixtures that are first purified on IMAC columns to enrich for phosphorylated 
peptides. Therefore, IMAC columns/ZipTipMC tips were used for the phosphopeptide 
enrichment. IMAC generally enriches for phosphorylated serine, threonine and 
tyrosine residues and has been successfully used in the detection of phosphopeptides 
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using MS (Cao and Stults, 2000; Cleverley et al., 1998; Posewitz and Tempst, 1999; 
Stensballe et al., 2001; Zhou et al., 2000). This method enables the visualization of 
peptides that are otherwise not observed in the Mass spectrum because of 
suppression effects. However using MALDI and comparing the masses of peptides 
obtained with and without enrichment, there was no phosphorylated peptide detected.  
Tandem mass spectrometry (MS/MS) has also been used for the identification 
of phosphopeptides by precursor-ion scanning as on fragmentation by collision-
induced dissociation (CID), phosphopeptides not only produce sequence-specific 
fragments but also fragments that are specific for phosphate groups (Carr et al., 1996; 
Wilm et al., 1996). In the present study, MS/MS spectra, when subjected to PEAKS 
for PTM analysis, showed no phosphorylation in any peptide (Table 7-2). There is 
also a recent report published on the study of  phosphorylation in developing D. 
melanogaster embryos using the mass spectrometry based proteomics (Zhai et al., 
2008). In total 13,720 different phosphorylation sites were discovered from 2702 
proteins including GSTs, however there was no evidence of any phosphorylation 
sites on Delta GST. The GSTs CG6673 (Omega) and GST-containing FLYWCH 
zinc-finger protein were shown to be phosphorylated. Therefore our study, along 
with other research, supports the view that Delta GST is not phosphorylated. 
The analysis of LC-MS/MS raw data of tryptic digests of the Delta GST spots 
by the software package PEAKS revealed interesting findings. PEAKS contains a 
library of ~30 common PTMs. The PTMFinder analysis was run on three spots from 
the Delta GST regions of the 2D gel of the D. melanogaster GST isolate. The 
proteins were all identified as DmGSTD1 and indicated deamidation of asparagine 
and glutamine as a possible post-translational modification of the Delta GST peptides. 
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A single deamidation would be expected to shift the pI from around 6.75 to 6.2 and a 
second to 5.8. Spot 6 (pI 7.0) has the closest pI to that predicted for DmGSTD1. 
Therefore spots 5 and 3 might be expected to show the presence of additional acidic 
residues. Spot 6 would make for a less acidic protein so the presence of deamidation 
in spot 6 may suggest post-gel or at least post IPG (first dimension) degradation 
during the experiments. Although several possible deamidations are shown for each 
spot, it is their number that will determine the overall pI of the protein.  
There are two possible reaction pathways known for deamidation: The first is 
the enzymatic deamidation of asparagines and glutamines catalysed by several 
specific deamidases (Stewart et al., 1995; Yan and Sloan, 1987) and the second is the 
non-enzymatic pathway, which may occur under physiological conditions 
(Hochstrasser, 1998) or during sample preparation (Wright, 1991a). Investigation of 
several hundred model peptides have shown that under physiological conditions 
deamidation of asparagine can be detected ten times more often than the deamidation 
of glutamine (Robinson and Robinson, 1991). In the amino acid sequence of 
DmGSTD1, there are 11 asparagine residues and 7 glutamine residues. Out of those 
PEAKS identifies only 7 asparagine and 3 glutamine residues as being deamidated. 
The rate of non-enzymatic deamidation is promoted by chemical reaction conditions 
like pH or temperature and amino acid sequence (Wright, 1991a). Especially for 
asparagine-X sequences where X is glycine, serine or alanine or for serine-
asparagine, non-enzymatic deamidation is more probable (Wright, 1991b). The 
current result suggests that only one peptide WYEN[3]AK, is deamidated where 
asparagine precedes alanine. However, there is a report available that in acidic 
solution, the rate of deamidation of the asparagine is not affected by the amino acid 
sequence of the peptide (Tyler-Cross and Schirch, 1991) and, as in the present study, 
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the peptides were suspended in 0.25% TFA and subjected to LC-MS/MS analysis for 
the separation using the gradient constructed from 0.1% formic acid in water and 
acetonitrile solution (see section 3.2.11), the possibility of accelerated deamidation 
due to amino acid sequence is minimised and the only mechanism of deamidation 
that appears to operate in acidic conditions is direct hydrolysis of the side-chain 
amide group of the asparagine residue. In the present case, deamidated asparagine 
and glutamine residues precede basic amino acids in the sequences AVINQ[3]R, 
YANVN[3]R, AVGVELN[3]KK and RAVINQ[3]R. The significance of this 
occurrence, if any, is unknown although at pH 7 these basic residues might provide a 
local source of protons to catalyse hydrolysis. The deamidation overall introduces 
negative charges, which in turn may affect secondary and tertiary structure of 
proteins and peptides. These changes in the structure and charge of proteins may 
affect their biological activity, especially important in aging organisms. Deamidation 
has been hypothesized to serve as an in vivo biological clock controlling the rate of 
protein turnover (Robinson and Robinson, 1991). Proteins with a high turnover 
generally have a greater deamidation rate than do proteins with a lower one. It is 
assumed that deamidation destabilizes the proteins by making them more susceptible 
to proteolytic degradation (Rogers and Rechsteiner, 1988). This susceptibility could 
be determined by a change in protein structure and/or cellular location. Thus, in this 
respect deamidation triggers protein turnover and marks the protein for degradation. 
In young cells, the marked protein is readily recognised and eliminated, whereas it is 
accumulated in old cells (Lindner and Helliger, 2001). In chapter 5, the present study 
showed similar migration patterns of Delta GST on 2D gels of the egg, larval and 
pupal stages of L. cuprina (Figure 5-4). There may be possibility that deamidation in 
the  developmental stages may affect the structural integrity and biological activity of 
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proteins due to their association with development (Lindner and Helliger, 2001). In 
the present study, however there is no clear evidence for the cause of the deamidation 
on Delta GSTs or any role in development. It would be interesting to investigate 
further as these supposed deamidation sites at asparagine and glutamine residues in 
predicted deamidated peptides seem to be conserved (except for two places) in 
GSTD1 sequences from L. cuprina and Musca domestica.  
 
 
Figure 7-11: Alignment of D. melanogaster DmGSTD1 sequence with L. cuprina and Musca 
domestica D1 sequences using ClustalW2. 
The boxes display the peptides which are predicted to be deamidated by PEAKS. The 
peptide RAVINQR is conserved in all three insects where as other peptides differ in L. 
cuprina and M. domestica by one or two amino acids compared to D. melanogaster 
sequence.  
Lc – L. cuprina; Md – M. domestica. 
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It is interesting to note that the deamidated peptides RAVINQR and 
AVGVELNKK are completely conserved in a large number of Delta GSTs from 
different insect species other than Musca domestica and L. cuprina. Therefore any 
explanation related to physiological significance of deamidation of Delta GST can 
apply to those insects as well. 
The examination of 3D structure of the dimeric model of GSTD1- 3EIAN 
available at RCSB protein databank in RasMol, revealed important information about 
the asparagines and glutamines residues. The screening for buried asparagines and 
glutamines showed that none of the residues anywhere in the protein are buried and 
22 asparagines and 14 glutamine residues were found on the surface. Therefore, it 
seems quite likely hydrolysis is random and spontaneous and may not be of any 
functional significance.  For example, Gln 70 although slightly exposed on surface is 
not readily accessible, so it is unlikely that its deamidation would be enzymatically 
controlled. However, it cannot be determined whether deamidation occurred during 
the sample processing or intracellularly. However, the alignment of DmGSTD1 
(Figure 7-11) shows that Gln 96 (RAVIN[Q]R) and Trp64 are conserved in all three 
species and there is literature evidence that Gln 96 is shown to associate with Trp64 
through hydrogen bonding (Low et al., 2010). This hydrogen bonding to Gln 96 
might be functionally important and therefore also its deamidation, but its 
significance is not known. The examination of GST D1 structure also showed that 
there are many asparagine and glutamine residues next to basic amino acids however, 
the question is: why are only three peptides RAVIN[Q]R, AVIN[Q]R and 
YANV[N]R next to arginine  deamidated? Whether it is significant in the biological 
processes such as aging is not clear. 
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 In summary, the work presented in this chapter attempted to determine the 
types of post-translational modifications on Delta (D1) GST. The comparison of 
masses of peptides of native GSTD1 and phosphopeptide enriched GSTD1 did not 
provide any evidence of phosphorylation. Our finding, together with literature 
support, suggests that GSTD1 is not phosphorylated. Instead, use of tandem mass 
spectrometry showed deamidation is a possible post-translational modification of 
Delta GST. Further work will be required to confirm that deamidation occurs 
physiologically, rather than being an artefact of protein handling. 
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8 General Discussion 
8.1 Project summary 
The overall aim of this thesis was to examine the use of proteomic techniques 
for investigating the role of the GSTs in the development of insecticide resistance in 
L. cuprina. The primary requirement to achieve this goal was to purify the GSTs 
from the crude extract of the insect and therefore sequential affinity purification 
techniques were developed to purify as many GSTs as possible from L. cuprina and 
D. melanogaster. After the establishment of purification conditions, proteomics was 
chosen for the characterisation and identification of GSTs from both the insects.  
The questions addressed in thesis were:  
 Can proteomic and bioinformatic methods be adapted to the study of GSTs 
and their characterization in the most widely used and genetically best-known 
insect species D. melanogaster and also in L. cuprina, an insect species which 
lacks a genetic database?  
 How is the GST proteome/expression regulated during the development of L. 
cuprina? 
 Are GSTs expressed in a tissue-specific manner in L. cuprina? 
 Does the GST proteome vary in an OP resistant insect compared to 
susceptible ones? If yes, does the resistant insect have higher capability to 
metabolise insecticides in vitro? 
 Finally, what type of post-translational modification occurs with Delta GST? 
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In Chapter 4, Partial success was demonstrated in isolation and identification 
of GSTs from D. melanogaster that are known from the genetic databases, including 
some that had not previously been known to be expressed. Thus, CG16936 (a 
putative uncharacterised protein with glutathione transferase activity), CG6673 and 
CG6776 (both Omega class of GSTs) have been identified in the D. melanogaster 
proteome. However, whilst this model organism has a predicted 39 GST genes, the 
actual number of GSTs detected is much lower. Previous proteomic studies identified 
the Delta isoforms D2 and D3 and the Epsilon GST isoforms - E3, E6, E7 and E9 
using BSP-GSH as an affinity matrix (Alias and Clark, 2007)) and CG5224, 
CG30000 and CG1702 were identified using S-hexyl-GSH affinity matrix (Ding and 
Clark, unpublished data) which were not purified by the matrices used in the present 
study. The affinity matrices (GSH, DNP-GSH and CNP-GSH matrices) employed in 
the present study captured major classes of GSTs such as Sigma, Delta, Epsilon and 
Omega but failed to bind all the GST isoforms as evidenced by the amount of GST 
catalytic activity in unbound fractions.  
In L. cuprina, the first and foremost challenge was how to identify the 
purified L. cuprina GSTs other than L. cuprina Delta GST. Use of D. melanogaster 
as a model provided a limited possibility for identification due to its combination of 
similarity and dis-similarity with L. cuprina proteins separated on 2D gels. The 
separation pattern of Sigma and Delta GSTs on 2D gels from both the insects was 
strikingly similar and MALDI-TOF analysis showed near identity of the proteins 
from the two species, which confirmed the identification of Sigma GST. Much more 
of a problem was to identify the DNP-GSH affinity-purified GSTs on 2D gels since 
entirely different patterns of separation between the two insects were seen. However, 
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in D. melanogaster, within the 22-40 kDa M.W. range, over 80% of proteins isolated 
on DNP-GSH matrix were firmly identified as GSTs therefore it is argued that the 
probability of similarly isolated L. cuprina proteins in that particular M.W. range 
being GSTs is high. To tentatively characterise these DNP-GSH affinity-purified L. 
cuprina GSTs, a consensus sequence-based approach was developed. To obtain 
consensus sequences for each GST class, selected representative sequences, obtained 
as discussed in section 4.3.3 were aligned in ClustalW2 and a consensus sequence 
obtained from the aligned sequences using Jalview. The MALDI fragmentation 
patterns for L. cuprina proteins were matched against proteins in the ―Other 
Metazoa‖ database. The sequences of these matched peptides were then aligned 
against the consensus sequences using ClustalW2 and a tentative classification of 
GSTs was assigned. Thirteen L. cuprina spots in the 22-40 kDa M.W. range on 2D 
gels were matched to GSTs in ―Other Metazoa‖ and were assigned the GST class 
based on this approach. Thus, the combination of interaction with appropriate affinity 
matrices and peptide matching gives high confidence but not certainty that these 
proteins are GSTs. This leads on to the question posed in the following section. 
8.1.1 How reliable is the consensus sequence-based approach for the   
characterisation of L. cuprina GSTs? 
Consensus sequences show which residues are conserved and which residues 
are variable. Use of the consensus sequences for each GST class from different 
species offers the broad possibility of matching the L. cuprina peptides. In the 
present study, the identification of L. cuprina Sigma GST was confirmed using this 
approach, in addition to its matching with the deduced amino acid sequence obtained 
by our laboratory (see Figure 4-19) to check the reliability of this approach. Spots 2, 
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3, 4 and Spots 7，8, 9 in Figure 4-21 were tentatively identified as Delta (High 
M.W.) and Epsilon GSTs respectively with the promising ClustalW2 alignment score 
of >50. The alignment of these Delta and Epsilon GSTs with the respective class 
consensus sequences along with the ClustalW2 alignment score is shown in Figure 
8-1 and Figure 8-2. 
 
 
 
 
Figure 8-1: Alignment of L. cuprina peptide sequences matched against ―Other Metazoa‖ 
with Delta GST consensus sequence  
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Figure 8-2: Alignment of L. cuprina peptide sequences matched against ―Other Metazoa‖ 
with Epsilon GST consensus sequence  
 
The alignment score is >50 for each corresponding spot with consensus 
sequences. Thus, classification of spots 2, 3 and 4 as Delta and spots 7, 8 and 9 as 
Epsilon GSTs and there is reasonable confidence of this classification being correct. 
The L. cuprina proteins (spots 14,15,16,17 in Figure 4-21) did not match with the 
GSTs in ―Other Metazoa‖ but identified as Rab proteins. Their peptide sequences 
were also aligned with the consensus sequences of all GST classes to again validate 
this approach. The alignment of spot 14 peptides is shown in Figure 8-3 and the 
result is negative as no significant score was found for any class of GSTs. 
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Figure 8-3: Alignment of L. cuprina peptide sequences matched against ―Other Metazoa‖ 
with consensus sequences of different GST class 
 
Thus, based on the alignment similarity, it appears that this approach gives a 
reliable characterisation. However, spot 5, 11 and 13 in Figure 4-21 and spots 2* and 
3* (zone E) in Figure 5-6 in the present study were tentatively identified as Mu-like 
GSTs. This result is intriguing as there are reports available emphasising no 
similarity of Mu GSTs with insect GSTs (Enayati et al., 2005; Ranson et al., 2001).  
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8.1.2 Do insects possess Mu-like GSTs? 
Members of the Mu class GSTs are responsible for conjugating a wide variety 
of pesticides such as the organophosphate insecticides, the halogenated hydrocarbon 
insecticides and the S-triazine herbicides (Hayes et al., 2005) but their presence in 
insects is not known. While studying the relationship between D. melanogaster GSTs 
and mammalian GSTs from each of the evolutionary distinct GST class, (Ranson et 
al., 2001) found no relationship between human Alpha, Pi and Mu GSTs with D. 
melanogaster GSTs but Theta, Sigma, Omega and Zeta GSTs shared 56-58% 
similarity with the respective human GST classes (Figure 8-4). 
 
 
 
Figure 8-4: Dendrogram showing the relationship between D. melanogaster and human 
GSTs (Ranson et al., 2001).  
 
Though only six GST classes: Sigma, Delta, Epsilon, Zeta, Theta and Omega  
have been identified in dipteran and other insect species, there is the possibility of the 
existence of additional or novel GSTs (Ding et al., 2003; Tu and Akgul, 2005). Thus, 
recently a group of cytosolic GST in A. gambiae were found and designated as 
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unclassified GSTs (Ding et al., 2003). The identification of these unclassified GST 
orthologs in A. aegypti and their absence in D. melanogaster suggested that these 
GSTs are specific to mosquitoes and were named as Xi and Iota GSTs (Lumjuan et 
al., 2007). 
In the present study, the reliability of consensus sequence- based approach for 
characterising L. cuprina GSTs has been tested. To confirm the identity of some 
spots as Mu GSTs, the location of the Mu-loop (a unique feature of Mu GST) on 
consensus sequence was first identified. The Mu-loop was identified through the 
alignment with the loop sequence of human Mu GST and was found to be very good 
match with an alignment score of 70 (Figure 8-5A). The identity of spot 5 as a Mu-
like GST was suggested as the score was 46 against the Mu consensus sequence 
(Figure 8-5 B). However, it is notable that whilst there are peptides that match 
sequences immediately adjacent to the Mu-loop, the loop itself has no match with 
spot 5 peptide sequences. To determine whether that is the case with all other 
identified Mu-like GSTs, the peptide sequences from all spots identified as Mu-like 
were aligned with the Mu-loop containing N-terminus of the Mu consensus sequence 
(Figure 8-5 C). Despite the good sequence similarity observed between the matched 
peptides and the consensus sequence, none of the peptides from these identified Mu-
like GSTs matched with the Mu-loop sequence. Indeed, the longer matched peptide 
of spot 5 could be tentatively inferred to indicate deletion of the Mu-loop as its C-
terminal amino acids (WLG) appear to match well the consensus sequence 
immediately following the Mu-loop motif.  It could be that our Mu-like GSTs are not 
actually Mu GSTs, lacking the characteristic loop motif even though they share 
sufficient sequence similarity to be identified as such in this study. However, those 
identified Mu-like GSTs did not share any similarity with any other GST class, so 
258 
 
there is the possibility that they might be novel GSTs.  However, the probability that 
the consensus sequence-based approach is not giving reliable characterization for 
those spots cannot be excluded. This is one of the limitations of the approach which 
was taken into account for characterisation of GSTs. 
 
Figure 8-5: Alignment of various peptide sequences with Mu GST consensus sequence 
 (A) Mu-loop sequence; (B) L. cuprina Spot 5 peptide sequences matched against ―Other 
Metazoa‖; (C) Peptide sequences from other L. cuprina spots identified as Mu, edited to 
include the position of the Mu-loop if present. Box represents the location identical to the 
Mu-loop.  
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8.1.3 A comparison of the GST proteomes of D. melanogaster and L. 
cuprina  
Other differences detected in chapter 4 based on proteomics, are that the high 
M.W. Delta (28 kDa; zone B in Figure 4-21) purified on DNP-GSH matrix were for 
the first time observed on the L. cuprina gel, yet were totally absent on the D. 
melanogaster gel and the Omega GSTs, though present on D. melanogaster gel, were 
never identified in L. cuprina. There are several possibilities: 1) the consensus 
sequence-based approach is characterising proteins wrongly; 2) L. cuprina and D. 
melanogaster express different GSTs as the proteomes are significantly different and 
3) The L. cuprina GSTs are sufficiently different from those of D. melanogaster so 
that they bind differently to the affinity media.  
Thus, in the absence of a genetic database of L. cuprina, this approach has its 
uncertainties. Our attempt to study the GSTs of an insect without a genetic database 
is exploratory and needs further confirmation. However, one can quickly determine 
which GSTs are being expressed for a given insect; the proteins produced being 
visualised on 2D gels. This approach of characterising the proteins may provide the 
useful starting points for the preliminary molecular biology study such as predicting 
the gene responsible for production of protein. An advantage of proteomics over 
genomics is that a genomics study cannot predict protein abundances or the post-
translational modification of proteins.  
In Chapter 5, the changes in the GST proteome during the development and 
in the main body parts of an adult L. cuprina was studied. Irrespective of the 
identification of specific L. cuprina proteins, there were differences in proteins 
between eggs, larvae, pupae and adults evident from the 2D gels. The quantitative 
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variations for Sigma GST and Mu-like GSTs between developmental stages were 
striking. The eggs lack Sigma GST whereas the adult expresses it significantly higher 
(p<0.05) than larvae and pupae. The significance of this phenomenon may lie in the 
involvement of Sigma GST in flight muscle of an adult and also in adult male 
reproductive tissues (Clayton et al., 1998). The Mu-like GSTs (Zone E in Figure 5-6) 
were totally absent in adult and abundantly (P<0.05) present in eggs compared to 
larvae and pupae. The role of these Mu-like GSTs in eggs is not clear. The pupal 
GSTs showed higher (p<0.05) total and specific activity towards CDNB and DCNB 
compared to other stages due to their involvement in biosynthesis and formation of 
adult tissues and in detoxification during this immobile stage. 
Quantitative variation was also found in the expression of the GST proteome 
between the main body parts. Thorax produces a greater quantity of GSTs compared 
to the head and abdomen. Sigma GST was expressed in significantly higher (p<0.05) 
amount in thorax compared to head and abdomen. That again supports the role of 
Sigma GSTs in flight muscles. The high M.W. Delta GSTs in zone B Figure 5-20 
(which resembled D. melanogaster CG17639) were present in greatest quantity in 
the head compared to thorax and abdomen. Literature suggests that in Manduca 
sexta, this type of GST was found in antennae and may play an important role in 
processing of odorant signals (Rogers et al., 1999) and this may be the case in L. 
cuprina as well. The specific activity of crude cytosolic GSTs of abdomen however 
was greater with most of the substrates including TNE, which suggests an important 
role in detoxification.  
In Chapter 6, the variation in the GST proteome between OP susceptible and 
resistant strains of L. cuprina was examined. The interesting finding was that the 
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resistant strain PY81 showed significantly (p<0.05) elevated expression of Epsilon 
and low M.W. Delta GSTs (23 kDa) and Mu-like GSTs (zone C and D in Figure 6-8). 
Along with these, the Rab proteins were also elevated in the resistant strain 
compared to susceptible strains NSW and CSIRO. The literature suggest that Rab 
proteins have been directly implicated in the regulation of vesicular transport and 
membrane traffic and localized to various compartments of both the 
biosynthetic/secretory and endocytic pathways of eukaryotic cells (Martinez and 
Goud, 1998). In the resistant mosquitoes, genes that are involved in protein 
biosynthesis, ubiquitination, and/or degradation, such as ribosomal proteins and 
ubiquitin dependent protein lysis in cell regulation and signal transduction, are over 
expressed. This suggests that the rapid regulation and turnover of proteins in the 
resistant mosquitoes are involved in response to resistance. Therefore, it is not 
surprising that genes involved in vesicular and molecular transport are also over 
expressed in the resistant mosquitoes (Liu et al., 2007). This could be the similar 
case in resistant strain PY81 of L. cuprina. 
 Two spots tentatively identified as Mu-like GSTs in zone D were absent in 
CSIRO compared to NSW. The high M.W. Delta GSTs (28 kDa) were expressed in 
much lower quantity in PY81 compared to susceptible strains. The importance of this 
phenomenon is not known. The specific activity of the PY81 strain towards DCNB 
was significantly higher compared to susceptible strains indicating an important role 
of these GSTs in detoxification (Clark et al., 1986). However, the study of in vitro 
conjugation of insecticides by affinity-purified GSTs did not show any significant 
correlation between susceptible and resistant strains of L. cuprina but the likelihood 
is that resistance to organophosphorus insecticides in L. cuprina depends upon 
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multiple factors. This is compatible with the literature as although(Wilson and Clark, 
1996) have demonstrated a correlation between insecticide resistance in blowflies 
and GST activity, their data were extremely scattered, so that high resistance values 
could in particular cases be associated only with low GST values. In the present case, 
the resistant strain has expressed quantitatively higher levels of GSTs and these are 
active with model substrates, but it is possible that they are less active with 
organophosphates as substrates. Therefore, it is difficult in the present work to decide 
whether the elevated PY81 GSTs (Epsilon and Delta (23 kDa) and Mu-like GSTs) 
have any important role in insecticide resistance based on these in vitro assays. When 
the purified individual Delta, Sigma and partially purified DNP-GSH eluents were 
tested for the metabolism of methyl parathion, it suggested that the Delta and DNP-
GSH affinity-purified GSTs are much more active in metabolising the 
organophosphates compared to Sigma GST.  
In Chapter 7, an attempt was made to determine the type of post-translational 
modification affecting D. melanogaster Delta GST. This study found no evidence for 
phosphorylation on Delta GSTs and this is supported by the  literature (Zhai et al., 
2008). LC-MS/MS and the de novo software PEAKS identified deamidation as a 
possible modification on some of the peptides of Delta GST. However, the 
deamidated peptides did not appear to clearly correlate with specific changes in pI on 
2D gel of D. melanogaster Delta spots.  The 3D structure of Delta GST was 
examined for buried asparagine or glutamine. If these buried residues, which might 
normally be expected to be protected, were deamidated, it would suggest that 
deamidation was an artefact resulting from the experimental processing. Since there 
is no buried asparagine or glutamine, it cannot be ruled out that deamidation is an 
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artefact but neither can it be ruled in. However, the deamidated peptides AVINQR 
and AVGVELNKK are completely conserved in a large number of Delta GSTs from 
different insects. The potential significance of deamidation of these sequences, if any 
is not known. The literature suggests that Glu 96 of peptide AVINQR and Trp 64 do 
interact between subunits (Low et al., 2010). It is possible that this might have 
functional significance. 
8.2 Future Research 
The results presented in this thesis have shown that it may be possible to 
unravel the complex functions of the GST proteome, including a contribution to 
insecticide resistance in L. cuprina, using a combination of affinity purification and 
proteomics. Only a small part of this complex issue, the involvement of GSTs in 
resistance, using the laboratory susceptible and resistant strains of L. cuprina has 
been studied. However, what is needed is to carry out these experiments on larger 
numbers of field strains and correlate individual GSTs with resistance not only to 
organophosphates but also to the insecticides that are taking over from them. There is 
still a considerable need for future research in relation to the findings presented in 
this thesis.  
8.2.1 GST study at molecular genetics level 
There is no doubt that whole-genome sequencing of the L. cuprina will assist 
characterisation, revealing the range of the GST genes present in the genome and 
potentially providing information on their regulation. The tentative characterization 
of affinity-purified L. cuprina GSTs may then be confirmed or not from the 
corresponding genetic information.  
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GSTs are well conserved at their N-termini, but are diverse at their C-termini 
(Ranson et al., 1997). The deduced N-terminal amino acid sequencing of expressed L. 
cuprina proteins (GSTs) would also provide important information in the search for 
homology with other insect GSTs. The conserved N-terminal region can also be used 
to obtain cDNA sequences for different classes of GSTs from the L. cuprina. This 
may be amplified via a PCR reaction and cloned into a plasmid which can be 
expressed in E. coli to produce the recombinant protein. Recombinant proteins then 
can be characterized and their interaction with various insecticides can be studied. 
This approach has been used to study individual GSTs from Anopheles dirus 
(Ranson et al., 1997), Nilaparvata lugens (Vontas et al., 2002), Musca domestica 
(Wei et al., 2001), tarnished plant bug, Lygus lineolaris (Zhu et al., 2007) and Aedes 
aegypti (Lumjuan et al., 2005). In the present investigation, digests of some of the L. 
cuprina spots were sent to the Centre for Protein Research, Department of 
Biochemistry, University of Otago, Dunedin for de novo sequencing however very 
few peptides were sequenced from any protein spot and showed general, rather than 
class-specific similarity with GSTs when searched against D. melanogaster database. 
More extensive and successful de novo sequencing of individual L. cuprina protein 
spots would be useful to support the characterisation presented in this work. In the 
event of a complete genetic database being developed for L. cuprina, the microarray 
analysis of the GST transcriptome can also be useful to understand gene expression 
pattern and gene functions.  
8.2.2 Use of further GST purification techniques 
The combination of affinity matrices employed in this work successfully 
identified members of four major classes of GSTs (Sigma, Delta, Epsilon and Omega) 
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in D. melanogaster however, the Theta and Zeta class of GSTs have not been seen on 
2D gels. A significant fraction, 25-35% of total activity towards CDNB, was not 
retained by either column (Table 4-3 and Table 4-4) suggesting the presence of GST 
isoenzymes in non-bound fractions. Further purification of non-bound fractions by 
using different specific affinity matrices or chromatofocusing and ion exchange 
chromatography should be used to isolate the additional GSTs. Different GST 
isoforms might also be separated by using longer affinity columns so that retardation 
as well as batch adsorption is used as the basis for isolation.  
8.2.3 Study of interaction of GSTs with insecticides 
The current work described the in vitro conjugation of only two 
organophosphate insecticides by L. cuprina GSTs. However the examination of 
conjugation with a wider range of insecticides would be useful. The in vivo direct 
interaction of insecticides with the enzyme can provide a better understanding of the 
significance of GSTs as a mechanism of insecticide detoxification. The insecticide 
can be applied to the adult insect or larval or pupal stage in order to determine the 
insecticide toxicity. Stage-dependent susceptibility of insects has been considered 
responsible for pest insect control failures in the past (Koehler et al., 1993). 
Insecticide metabolism by GSTs from different developmental stages has not been 
studied in the present work. Investigating the mechanisms underlying the difference 
in tolerance to insecticides among the developmental stages may further improve our 
understanding of insect defence to insecticides, as well as the proper use of 
insecticides in order to achieve a more successful chemical control of pest species. 
The reverse-phase HPLC method employed here successfully determined the loss of 
free insecticide. The formation of GSH-conjugates was not assayed. The enzyme-
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insecticide binding could also be studied by fluorescence spectrometry monitoring 
quenching of protein fluorescence by bound insecticide. Study of enzyme-insecticide 
binding during the reaction can be recorded. This enzyme-insecticide binding would 
be useful to see if there might be a significant ―ligandin‖ factor in resistance. Enzyme 
kinetics can be performed using insecticides as substrates or inhibitors and direct 
measurement or characterisation of the GSH-conjugate can be studied. 
8.2.4  Comparative developmental study of D. melanogaster 
The developmental changes in the GST proteome of L. cuprina revealed 
interesting findings. Differential expression of GSTs was found in egg, larvae, pupae 
and adult stages of L. cuprina. A comparative developmental study of D. 
melanogaster could provide valuable additional information on the role of each GST 
isoenzyme (due to availability of its gene profile) and help to understand the changes 
in L. cuprina. 
8.2.5 Post-translational modification of Delta GSTs 
In the present investigation, it was confirmed that the D. melanogaster D1 GST is 
not phosphorylated and deamidation of Delta GST has been proposed. The reason for 
the change in pI on 2D gels has not been unambiguously determined and therefore its 
significance remains unknown. To understand further, the Delta GST spots on the 2D 
gel can be in-gel digested by specific proteases like Glu-C or Asp-N which cut 
specifically at only one amino acid, C-terminal of glutamic acid (E) or N-terminal of 
aspartic acid (D) respectively. The theoretical number of peptides after cleavage with 
Glu-C or Asp-N can be predicted from the sequence of GST. If deamidation has 
occurred on glutamine or on asparagine and they convert to glutamic acid or aspartic 
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acid respectively, one would obtain additional cleavages which could be detected by 
LC-MS/MS. A gel-free approach could also be applied whereby affinity-purified 
GSTs can be digested by proteases directly and be subjected to tandem MS analysis.  
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9 Conclusion 
The aim of this study was to investigate how proteomics could be applied to 
the study of the role of L. cuprina GSTs in insecticide resistance. The primary 
objectives were to purify and identify D. melanogaster and L. cuprina GSTs, to 
investigate the expression of GSTs in different developmental stages of L. cuprina in 
order to understand their significance in detoxification, to compare the GST 
proteome between OP susceptible and resistant strain of L. cuprina and to test their 
ability to metabolise insecticides in vitro and finally, to determine the post-
translational modification of Delta GST. 
The research undertaken has revealed notable similarities and dis-similarities 
between D. melanogaster and L. cuprina GST proteomes as visualised on 2D gels. 
Four major insect GST classes Sigma, Delta, Epsilon and Omega were identified in 
D. melanogaster whereas Omega GSTs were not identified in L. cuprina.  
Differences were observed between the GST proteomes in different developmental 
stages and in different body parts of L. cuprina. Sigma GST was present in the 
highest amount in adults whereas Mu-like GSTs were most abundant in eggs. The 
comparison of GST proteomes of resistant and susceptible strains showed the 
elevation of GST expression in resistant insects but there was no significant 
difference found between the strains in metabolism of two organophosphate 
insecticides in vitro. The post-translational modification study suggested that 
deamidation is a possible modification of D1 GST however, the change in pI on 2D 
gels could be explained in these terms but the assignment of actual pI values remains 
tentative. 
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Along the way it was also discovered that our developed consensus sequence-
based approach for the identification of GSTs from an insect with no genetic 
database appears reliable for strongly conserved proteins which may be useful for 
subsequent molecular biology studies. The presence of Mu-like GSTs in L. cuprina 
and their abundance in eggs and total absence in adult is of interest as is the 
association of high M.W. Delta isoforms with the mobile life stages. The elevation of 
the GST proteome in a resistant strain but absence of a higher capability to 
metabolise insecticides in vitro is also an interesting finding. The isolation by the 
DNP-GSH matrix and higher expression of Rab proteins in resistant insects suggest a 
possible functional association between these proteins and GSTs.   
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10 Appendices 
10.1  Reagent preparation 
1.5 M Tris-HCl, pH 8.8 
Tris base (54.54 g) was dissolved in 160 ml deionised water and the pH was adjusted 
to 8.8 with HCl. The solution was made 300 ml with deionised water and stored at 
4°C 
 
0.5 M Tris-HCl, pH 6.8 
Tris base (6 g) was dissolved in 60 ml deionised water and the pH was adjusted to 
6.8 with HCl. The solution was made 100 ml with deionised water and stored at 4°C 
 
12% separating gel 
To prepare 10 ml of 12% gel: 4 ml of 30% Acrylamide/Bis (BioRad) 2.5 ml 1.5 M 
Tris-HCl, pH 8.8, 0.1 ml 10% SDS, 3.35 ml deionised water were mixed gently and 
degassed under vacuum for at least 15 minutes. Then, 5-10 μl TEMED and 50 μl 10 
% APS were mixed and the mixture was poured into the electrophoresis plates for 
polymerisation. 
 
4% stacking gel 
To prepare 10 ml of 12% gel: 1.33 ml of 30% Acrylamide/Bis, 2.5 ml 0.5 M Tris-
HCl, pH 6.8, 0.1 ml 10% SDS, 6.1 ml deionised water was mixed gently and 
degassed under vacuum for at least 15 minutes. Then, 5-10 μl TEMED and 50 μl 
10% APS was mixed and mixture was poured into the electrophoresis plates on top 
of the polymerised separating gel. 
 
SDS sample buffer 
The sample buffer consisted of 62.5 mM Tris HCl, pH 6.8, 20% glycerol, 2% SDS 
and 5% β mercaptoethanol. To prepare sample in sample buffer, precipitated protein 
was diluted with sample buffer in at least 1:4 ratio. Then the sample was heated at 
95°C for 4-5 minutes. 
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SDS electrophoresis running buffer 
Running buffer was prepared by dissolving 15.1 g Tris, 5 g SDS and 72.1 g glycine 
in 5 litre deionised water. The pH of the buffer was adjusted. 
 
Overlay solution 
200 μl of 0.1% (w/v) SDS solution, It was used to overlay the separating gel while 
polymerising. 
 
Colloidal Coomassie Blue G-250 stain 
The stain (100 ml) was prepared in two steps. First to a final concentration of 0.075% 
(w/v) of Coomassie Blue G-250 was dissolved in 34 ml of methanol. The second 
solution was prepared by adding 17 g of ammonium sulphate and 2 ml of phosphoric 
acid in 66 ml of MQ water. Both the solutions were stirred for about 5 minutes to 
fully dissolve and finally mixed slowly. The stain was prepared freshly to avoid the 
loss of sensitivity over the period. 
 
IPG strip rehydration buffer 
A solution containing 8 M Urea, 2% (w/v) CHAPS, 30 mM thiourea, 15 mM DTT 
and 2% IPG Buffer pH 3-10 and traces of bromophenol blue in deionised water was 
prepared and stored at -20°C. 
 
IPG strip equilibration solutions 
Stock solution- 50 mM Tris HCl, pH 8.0; 6 M Urea; 30% (w/v) glycerol and 2% 
(w/v) SDS 
Solution 1- 0.25% (w/v) DTT in stock solution 
Solution 2- 4.5% (w/v) iodoacetamide in stock solution + traces of bromophenol blue
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10.2 Enzyme assay purification parameters and calculation 
 
Equation 1: 
Catalytic activity = (ΔA x V x 1000)/ (ε x υ x Δd) (μmol/min or Units) 
ΔA is absorbance change; ε is L x mmol-1 x cm-1; V is assay volume in L; υ is of 
sample volume; Δd in cm; t in min 
 
Equation 2: 
Catalytic activity = (ΔA x V)/ (ε x υ x Δd x 1000) (μmol/min/l or Units/l) 
ΔA is absorbance change; ε is L x mmol-1 x cm-1; V is assay volume in L; υ is of 
sample volume; Δd in cm; t in min 
 
Equation 3: 
Specific activity = (ΔA x V)/ (ε x υ x Δd x 1000 x C protein) (μmol/min/mg or 
Units/mg) 
ΔA is absorbance change; ε is L x mmol-1 x cm-1; V is assay volume in L; υ is of 
sample volume; d in cm; t in min; C is protein concentration in mg/l) 
 
Equation 4: 
Fold purification = Specific activity of affinity-purified fraction/ Specific activity of 
crude enzyme 
 
Equation 5: 
% yield = (Total catalytic activity of purified fraction / Total activity of crude 
enzyme) x 100 
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10.3  Mass spectra and identification of spots using PROFOUND 
 
 
Figure 10-1: A MALDI-TOF spectrum of the external standard CalMix 2
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10.3.1 Spectra of spots labelled in Figure 4-17    
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Figure 10-2: MALDI-TOF spectra of the GSH affinity-purified D. melanogaster spots on 2D gel 
labelled in Figure 4-17 
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10.3.2 Identification of spots labelled in Figure 4-17 using PROFOUND 
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No. 
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10.3.3 Spectra of spots labelled in Figure 4-18 
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Figure 10-3: MALDI-TOF spectra of the GSH affinity-purified L. cuprina spots on 2D gel 
labelled in Figure 4-18
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10.3.4 Identification of spots labelled in Figure 4-18 using PROFOUND 
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10.3.5    Spectra of spots labelled in Figure 4-20 (A) 
 
 
Mass (m/z) 
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Mass (m/z) 
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Mass (m/z) 
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Mass (m/z) 
Figure 10-4: MALDI-TOF spectra of the DNP-GSH affinity-purified D. melanogaster spots 
on 2D gel labelled in Figure 4-20 (A). 
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10.3.6      Identification of spots labelled in Figure 4-20 (A) using 
PROFOUND 
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10.3.7 Spectra of spots labelled in Figure 4-20 (B) 
 
 
Mass (m/z) 
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Mass (m/z) 
Figure 10-5: MALDI-TOF spectra of the CNP-GSH affinity-purified D. melanogaster spots on 2D gel 
labelled in Figure 4-20 (B) 
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10.3.8      Identification of spots labelled in Figure 4-20 (B) using PROFOUND 
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Table 10-1: Identification of D. melanogaster GSTs purified by CNP-GSH affinity matrix  
Proteins identified from the CNP-GSH affinity-purified fractions of D. melanogaster separated over a pH range 4-7 (Figure 4-20 B) using 2D gel 
electrophoresis as described in section 3.2.7.2. The proteins were identified using MALDI-TOF MS peptide mass fingerprinting. Protein spots are as 
numbered in Figure 4-20. Z score, the sequence coverage and the number of matched peptides are reported as obtained from Profound. In addition the protein 
name, the Swiss-Prot/TrEMBL accession numbers, the computed molecular mass and isoelectric point are given as obtained from the ExPASy Proteomics 
server of Swiss Institute of Bioinformatics and the Swiss-Prot database. Identification was made by using taxonomy D. melanogaster and NCBInr database, 
version dated 12/08/2008. A protein Z score greater than 1.65 is significant in Profound.  
 
 
Spot 
No. 
NCBInr 
Accession 
(Tgi) 
Swiss-prot 
/TrEMBL 
Accession No. 
Identified protein GST class 
identified 
Theoretical 
M.W. /pI 
Experimental 
M.W. /pI 
Number of 
matched 
peptides 
Coverage 
(%) 
Z 
score 
1 24654347 P41043 GST S1 Sigma 27.65/4.6 33/4.6 11 47 2.36 
2 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.0 6 33 2.43 
3 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.1 10 52 2.35 
4 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.2 6 33 2.43 
5 19922932 Q9XYZ9 CG16936 Epsilon 25.45/5.9 24/5.3 8 51 2.43 
6 21355763 Q9VSL4 CG6673 Omega 28.76/6.5 28/5.4 10 50 2.43 
7 21355763 Q9VSL4 CG6673 Omega 28.76/6.5 28/5.5 15 43 2.43 
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10.3.9   Spectra of spots labelled in Figure 4-21 
 
Mass (m/z) 
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Mass (m/z) 
302 
 
 
 
Mass (m/z) 
303 
 
 
 
 
Mass (m/z) 
Figure 10-6: MALDI-TOF spectra of the DNP-GSH affinity-purified L. cuprina spots on 2D 
gel labelled in Figure 4-21 
Spots 16* and 17* can be found in Figure 6-8. 
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10.3.10 Identification of spots labelled in Figure 4-21 using PROFOUND 
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Spots 16* and 17* can be found in Figure 6-8. 
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10.3.11 Spectra of spots labelled in Figure 5-8 E 
 
 
Mass (m/z) 
Figure 10-7: MALDI-TOF spectra of the DNP-GSH affinity-purified Lucilia cuprina egg spots 
on 2D gel labelled in Figure 5-8 E 
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10.3.12 Identification of spots labelled in Figure 5-8 E using PROFOUND 
 
Spot 
No. 
 
 
 
___________________________________________________________________________________ 
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Hydra magnipapillata – a fresh water polyp, commonly known as Hydra 
Brugia malayi and Wuchereria bancrofti – nematodes, causative agents of lymphatic 
filariasis in humans 
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10.4  Consensus sequences for GST classes 
Sigma GST: 
-----MA--A--APPAEGEAPP-----E----A---AP---PAEP 
MPSYKLFYFNVKALGEPLRFLLAYGGQEFEDVRITR--
EEWPALKPTMPFGQMPVLEIDGKQVHQSIAIARYLAKQVGLAGATDWEDLQIDIVVDTINDF
RLKIAVVSYEPDD-EIKEKKLVTLN 
EVIPFYLEKLEEIVKDNDGHLALGKLTWADFYFAGILDYLNYMV 
KR-DLLANYPALRGVVDAVLAIPPIKAWIEKRPQTEL 
Delta GST: 
M-MDFYYLPGSAPCRSVIMTAKALGVELNKK-
LLNLMAGEHLKPEFLKINPQHTIPTLVDNGFALWESRAIMVYLVEKYGKDDSLYPKDPKKRA
LINQRLYFDMGTLYQSFADYYYPQIFAKAPADPENYKKIEAAFEFLNTFLEGQDYVAGDSLT
VADIALLATVSTFEVAGFDFSKYPNVARWYENAKKVTPGWDEN-
WAGCLEFKKYFDARKAAAK- 
Epsilon GST: 
MGKLVLYGLDASPPVRAVKLTLAALNLPYEYKEVNLLAKEHLSEEFLKKNPQHTVPTLEDD
GHFIWDSHAIIAYLVSKYAKSDELYPKDLLKRAVVDQRLHFESGVLFAGGLRNITKPLFFRGQ
TEIPKERIDAIIEAYDFLETFLAGNDYLAGDQLTIADFSIVSTVTSLVA-
FVEIDATKYPKIAAWLKRLEKLPYYEEANGKGARQLVAFLKSKNFTIVDK---------------- 
Omega GST: 
------S—
MMSNGKHLAKGSPKPVLPDDGKLRLYSMRFCPYAQRVHLVLDAKNIPYHTIYINLSEKPEW
YFEKSPLGKVPALEIPGKEGQPTLYESLIIADYLDEAYPAKERPLYPKDPLQKAQDKILIERFA
GAVSAFYYRILFSSDGIPPGAITEFGTGLDIFEKELKERGTPYFGGDKPGMLDYMIWPWCERF
DLLKFALGDKYELDKERFPKLLKWRDLMEKDEAVKQSFLSTEDHAKFLQSRKAGENNYDIL
AN-AKR-KL------ 
Zeta GST: 
-------------------S----P---MVENQPILYSYWRSSCSWRVRIALNLKEIPYDIKPISLIKSG-G 
EQHCNEYREVNPMEQVPALQIDGHTLIESVAIMHYLEETRPQR-
PLLPQDVHKRAKVREICEIICSGIQPLQNLIVLIHVGTEEKKKEWAQHWITRGFRALEKLLSTS
AGKYCVGDEITLADCCLVPQVFNGARRFHVDLRPYPIILRIDRELEKEPAFRAAHPSNQPDCPP
ELAKK------- 
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Theta GST: 
MAMSM[NPT][IL][DKR]YYYDLMSQAPSRALYIFLEATKIPLE[KL][CK]LVNLRKGEHLTPEF
LKN[IV]NRF[HQ]KVPCI[DV]DNGFKLAES[IRV]AILRYLAREYGKDDSLYPKDSKKRARVDE
YLEWQHGNTR[AL]TCAQYFRYVW[LY]PP[ILM]L[AGT]G[ART]KVD[AEP]EKAKKL[KR][AE
]AMEFLLDFLE[GRT]EWLGRG-[DH]-FIAG[DN]ELT[IV]ADLVAACEIEQP[KR]-
MAGFDPRVGYPNITAWMERV[KR]EAT[NP]PYYD[EL]AHKG[ALV][NY]KFAP[KM][FM]D[A
N]LT[GKQ]KKL--- 
 
Mu GST: 
MMSKP[IV]LGYWDIRGLAQPIRLLLAYAGVDFEDKRYSCGPAPDFDRSEWLNEK[FH][ST]LG
LDFPNLPYYIDGDVKLTQSMAILRYLARKHGLDGKTEAEK[INQ]RI[DS]LLEQQ[AFV][AM]D[
FL]RMAWV[LR][L]CYNPDFEKLKVDYLKNLPDSLKLFS[KN]FLGEH[KP]F[FV]AGD[NS]ITY
VDFLLYEYL[AD]QHLV[FL][AV]PG[CV]L[DGK][DQ]FPNLK[AK]FVDRIE[AS]LPRVA[AE]YI
KSDKPIKWPFNGPMAK[FW][GN]A[RST]LQKKP 
  
Xi GST: 
MAPIILYHFPGSPPSRSALLAARNLDLDAEVKILNLFAGEHLADEFVAINPDHTVPTLVDDDYI
LWESKAIATYLAEQHKPDCTLYPSDPKKRGLINHRLYFDSGTLFAAARAALMPVLRSGATRIP
QEKKDAIYEALEKLDGYLDGCDWIAGEECTLADLCALANVASLEEIGVDMEGLANVSAWLE
RCKELPGFDENEEGASFFGNAFKSKLEEPF 
 
Iota GST: 
--------------------------------------------------------------V--------V--------ES-----P-
MTMKFYAVSDGPPCLAVRMAAKALGIPLNLILVDLGAGEHLTPEYLKMNPQHEIP 
TLDDNGFFLSESRAILQYLCDKYAKDDSLYPKDPKKRAVVNQRLCFDLGTLYPRFSAYYMPP
IFFDYERTPEGLKKLEEALEFLETYLERTGTAFAAGDNLTIADFPLVASVMTLEAINFDDLSKY
PNIHKWYANFKQAYPG-DLWEISASGMQEFAEFEKNPPDLTGMEHPIHPIRKVKA- 
 
 
 
 
 
315 
 
 
Figure 10-8: Comparison of MALDI-TOF spectra of DmGSTD1 spots from Figure 7-4. 
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